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Abstract 
Terahertz (THz) quantum cascade lasers (QCLs) are compact solid–state sources of coher-
ent radiation operating in the far–infrared (FIR) range of the electromagnetic spectrum. 
THz QCL ridge waveguides are typically Fabry–Pérot (FP) cavities and exhibit characteris-
tic multiple–mode emission. However, widely tunable single–mode (SM) THz QCLs are 
ideally suited to many THz-sensing applications, such as trace gas detection, atmospheric 
observations and security screening. Tunable THz QCLs are also highly desirable for tech-
niques like heterodyne mixing and self–mixing interferometry. SM emission from THz 
QCLs has been demonstrated using distributed feedback (DFB) cavities, photonic lattices 
(PLs) and photonic crystals (PhCs). Tunable THz QCLs have also been demonstrated us-
ing various techniques, such as external coupled mirrors, variation of growth parameters, 
deposition of nitrogen gas and dielectric materials, and aperiodic PLs.  
In this study, SM emission from THz QCLs is obtained from PLs patterned with 
electron beam lithography (EBL). This lithography based processing has the advantage of 
integrated device processing. Spectral performance of the PLs was simulated using finite 
element modelling (FEM) and coupled mode theory. A frequency stopband centred at the 
characteristic Bragg frequency was computed with emission predicted outside this stop-
band. Spectral emission of experimentally fabricated devices was observed outside the stop-
band, as was predicted from simulations. 
The design of the THz QCLs with PL was modified to investigate frequency tunabil-
ity by depleting carriers under the PL metallised sections using a three–section device. A 
bulk Drude model was used to simulate the variation of refractive index as a function of 
carrier concentration. The PLs were deposited such that they form a Schottky junction and 
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a thin depletion layer at the active material interface. The PLs were driven with an inde-
pendent external electrical connection. An electrical model was designed, which explained 
the experimentally observed behaviour. This electrical model was used to calculate the de-
pletion layer and the redistribution of carriers under the PL. The resulting variation in the 
refractive index was computed using FEM. A 15–20 GHz shift in the Bragg frequency was 
predicted using the Drude model. The frequency stopband was also predicted to reduce 
from ~90 GHz to ~77 GHz with carrier depletion and a ~5–6 GHz shift in the stopband 
band edge was predicted. In an exemplar device, a tuning of 15 GHz was observed. A 
change in spectral power density (SPD) amongst modes was observed in all other devices. 
A diﬀerent approach towards the realisation of a frequency tunable THz QCLs was 
adopted based on two–coupled cavities. This design was based on a Vernier selection rule 
and promised a wide band tuning from a small refractive index perturbation. One of the 
two cavities formed the lasing section, while the other formed a tuning section. A thermal 
tuning mechanism based on a localised Joule heating was used to tune frequency of the 
coupled–cavity. THz QCLs with coupled–cavities were modelled using transfer matrices 
and a bulk thermal model. Two devices were designed to exhibit a blue shift in frequency 
when the shorter of the coupled–cavities acted as a tuning element. The frequency spacing 
of the devices were ~15 and ~25 GHz respectively. The devices were also optimised such 
that a reversal in tuning direction is observed by swapping the functions of the lasing and 
tuning cavities. A monotonic discrete frequency hopping with a blue shift of ~50 and 
~85 GHz was observed from the two devices. A red shift in frequency was also observed as 
the lasing and tuning cavities were swapped. Additionally, since the tuning element is iso-
lated from the lasing section, the power emission of the lasing section was unaﬀected by the 
tuning current. 
The coupled cavity designs were further optimised to disrupt the monotonic frequen-
cy hopping to obtain a quasi–continuous frequency tuning. Unlike, the discrete tuning de-
sign, this detuned design required variation of current at the lasing and tuning cavities sim-
ultaneously, along with a variation in heat sink temperature. Spectral behaviour was mod-
elled using the same transfer matrices, bulk thermal mode and coupled mode theory. Close-
ly spaced discrete tuning over a range of ~67 and 100 GHz was observed from two devices, 
with continuous tuning of ~5 GHz observed at certain dominant modes. Continuous tun-
ing was also investigated using coupled–cavities with an integrated PL. A continuous tun-
Abstract xiii 
 
   
ing of ~3 GHz was observed from experimental devices. Unlike the detuned coupled cavity 
devices, the power emission from these devices were unaﬀected by the tuning current. 
However, these devices are limited by a low tuning range. 
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Introduction 
1.1 Terahertz frequency spectrum 
The terahertz (THz) frequency range, also known as the far infra–red (FIR) range, compris-
es frequencies ranging from 300 GHz to 10 THz in the electromagnetic spectrum [1,2]. 
These frequencies are of immense interest to both academic and industrial communities 
due to a plethora of proposed applications including imaging [3], astronomy [4] and spec-
troscopy [5]. Indeed, the non–ionising properties of THz radiation and its absorption by 
water molecules can be exploited for medical imaging. In fact, medical imaging systems 
based on THz technology have been demonstrated for detection of cancerous tissues [6] as 
well as imaging of an extracted human tooth [7]. In addition, the ability of THz radiation 
to penetrate through clothing and packaging material has been harnessed to detect con-
cealed weapons [8]. Excitation of molecular rotation and vibration in the THz range also 
forms the basis of spectroscopic and astronomical applications. This is particularly signifi-
cant as interstellar dust and heavy molecules have vibrational and rotational spectra in the 
THz range [9]. Additionally, a significantly large proportion (98%) of all photons emitted 
since the Big Bang are in the THz and sub–millimetre range [4,10]. Furthermore, THz 
frequency has also been investigated for secure communication over a smaller footprint ar-
ea, which exploits the water attenuation of THz radiation [11]. 
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Owing to its relative position in the electromagnetic spectrum [Figure 1.1], THz 
sources have been designed using techniques prevalent in both microwave engineering and 
semiconductor based opto–electronics. For example, THz radiation has been generated 
from backward wave oscillators [12], photo conductive switches [3] and surface field accel-
eration in semiconductor surface [13]. Indeed, photo conductive switches are the basis for 
broad band THz time domain spectroscopy [3] and on-chip microscopic systems [14]. 
These sources do, however, have their inherent limitations. For many applications, particu-
larly imaging and gas spectroscopy, a high power compact THz source emitting at a stable 
single frequency is required. Indeed, it has long been realised that terahertz frequencies have 
not been exploited fully, in comparison to the optical or the microwave frequencies, owing 
to the lack of a solid-state emitter. The absence of such a reliable solid state emitter operat-
ing in the THz frequencies is described in the literature as the “Terahertz Gap” [2].  
However, in 2002 a compact solid–state source of THz radiation was realised – the 
THz quantum cascade laser (QCL) [15]. Since this first demonstration, the THz QCL 
has seen tremendous development. The following section briefly describes the basic operat-
ing principles for semiconductor lasers. Operation of QCLs and their development is dis-
cussed in section 1.3. Single mode emission, a highly desirable requirement in many spec-
troscopic applications and interferometric techniques, is then discussed in section 1.4, and 
the chapter is concluded with section 1.5, which outlines the structure of this thesis. 
 
Figure 1.1: Position of THz range in the electromagnetic spectrum. Taken 
from ref. [5]. 
1.2 Interband and intersubband semiconductor lasers 
The interaction between photons and electrons is governed by Planck’s relation. In a simple 
system with two electron energy levels, an electron at a lower energy state 𝐸! can be excited 
to an upper energy state 𝐸! by a photon, which has an energy ℎ𝜐 corresponding to the en-
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ergy diﬀerence between the two states. This is known is ‘absorption’ [Figure 1.2 (a)]. Con-
versely, an electron in the upper energy state 𝐸! can drop to the lower energy state 𝐸! and 
emit a photon with an energy corresponding to the energy 𝐸!" = 𝐸! − 𝐸!. This is known 
as ‘spontaneous emission’ [Figure 1.2 (b)]. There also exists a third possibility, where a 
photon can interact with an electron at an upper energy state and result in ‘stimulated 
emission’ [Figure 1.2 (c)]. During stimulated emission, an electron in the upper energy 𝐸! 
state falls to the lower energy state 𝐸! and releases a photon with the same phase, fre-
quency, polarisation and direction as the incident photon.  
a. 
 
b. 
 
c. 
 
Figure 1.2: Schematic representation of: (a) absorption, (b) spontaneous emis-
sion and (c) stimulated emission. [Modified from ref. [16]]. 
In a semiconductor laser, electrons are ‘pumped’ to a higher energy state using either 
an external light source (‘optical’ pumping) or using an electrical current source (‘electri-
cal’ pumping). This results in a non–equilibrium system where the majority of electrons 
are excited to a higher energy state (‘upper lasing state’) with very few electrons in the 
lower energy state (‘lower lasing state’) and is referred to as ‘population inversion’. An 
incident photon with the same energy as the diﬀerence between the upper and lower energy 
states would result in stimulated emission with strong coherence. The decayed electrons are 
then re-pumped to the upper lasing state using the external source and the process is re-
peated.  
Another important aspect in the laser design is incorporation of a waveguide to con-
fine the emitted photons within the gain material to induce further stimulated emission. 
This can be achieved by enclosing the gain material within a ‘cladding’ material whose die-
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lectric index is lower than the active material. The resulting refractive index contrast be-
tween the active material and the cladding material facilitates total internal reflection and 
radiation is guided through the gain medium. A semiconductor laser traditionally uses die-
lectric layers as cladding material in the z (growth) direction and cleaved facets are used as 
mirror faces in the x-y plane, which reflect photons back into the cavity and provide feed-
back to the structure.  
In a conventional semiconductor laser, the conduction and valence bands constitute 
the upper and lower lasing states respectively. For example, a pn junction diode can be de-
generately doped to move the Fermi level into the valence and conduction bands respec-
tively. Population inversion is then achieved by forward biasing the diode. The frequency of 
the emitted radiation depends on the bandgap of the material. Such lasers are referred to as 
interband lasers after the nature of the lasing transition [Figure 1.3 (a)].  
A diﬀerent laser design, based on multiple quantum wells (QWs) makes it possible to 
tailor the energy of the lasing transition. QWs are realised by depositing thin layers of al-
ternating semiconductor materials of diﬀerent energy bandgaps to form a heterostructure. 
Unlike bulk semiconductors, electron states in a quantum well are quantised at discrete en-
ergy ‘subbands’ [17]. Moreover, the discrete energy levels can be engineered by varying the 
width of the quantum well. Thus, the lasing transition in quantum well lasers is tailored by 
the discrete energy subbands [18]. A schematic of interband transitions in a quantum well 
laser is shown in Figure 1.3 (b). 
Bandgap engineering of interband transitions has enabled engineering of the frequen-
cy of optical transitions. It further enabled the possibilities of designing semiconductor la-
sers operating at lower frequencies, notably the mid–infrared (mid–IR) and FIR or THz 
range of the electromagnetic spectrum. However, the low frequency of these regions re-
quired lasing transition smaller than the bandgap of the semiconductor material system. 
This was achieved in a unipolar lasing transition where electrons would scatter between en-
ergy subbands in the conduction band itself, and led to the design of the QCL. Such lasers 
are known as ‘intersubband’ lasers due to the intersubband nature of the lasing transitions 
[Figure 1.3 (c)]. 
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a. 
 
 
b. 
 
c. 
 
Figure 1.3: Schematic representation of: (a) interband optical transition be-
tween conduction band and valence band, (b) interband optical 
transition between subbands in the conduction and valence band, 
and (c) intersubband optical transition between subbands in the 
conduction band. 
1.3 Quantum cascade laser 
A QCL is an intersubband cascaded laser designed by coupling multiple quantum wells to 
form a ‘superlattice’ (SL), with discrete electron states in the quantum wells overlapping to 
form ‘minibands’ of energy. Fast scattering of electrons is possible in these minibands and 
they can be used to form the ‘injector’ and the ‘extractor’ stages in the QCL. On applica-
tion of an electric field electrons are scattered into the upper lasing subband through the 
injector stage, whereupon an optical (mid–IR/THz) transition takes place and the electron 
relaxes to a lower lasing subband. Electrons are subsequently extracted from the lower las-
ing subband through the extractor miniband. The injector, optical transition and extractor 
stages form an ‘active module’ in a QCL [Figure 1.4 (a)]. A salient feature of the QCL is a 
periodic arrangement of active modules where an extractor stage scatters electrons to the 
injector stage of the next active module [Figure 1.4 (b)]. Thus, electrons ‘cascade’ down 
the active module stack and, in principle, emit a photon at each optical transition stage. 
Various QCL active region designs have been published in the literature, optimising vari-
ous aspects of this device operation. This will be discussed in greater detail in section 1.3.2, 
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where the diﬀerent scattering mechanism (e.g. phonon–assisted, electron–electron) occur-
ring in the injector and extractor will be discussed. The operating principles of a QCL are 
discussed next. 
a. 
 
b. 
 
Figure 1.4: Schematic representation of: (a) intersubband optical transitions in 
an active module of a QCL, (b) cascading of electron through 
multiple active modules in a QCL. Adapted from ref. [19]. 
1.3.1 Operation of QCLs 
The operation of a QCL can be explained most simply by modelling the active region as a 
three–level laser [Figure 1.5]. Electrons are injected into the upper lasing level 3. An optical 
transition occurs as an electron relaxes from upper lasing level 3 to level 2. Electrons then 
scatter from level 2 to level 1 and are extracted from level 1 through minibands. Assuming 
that all electrons are injected only into the upper lasing level 3 and are only extracted from 
level 1, for simplicity, the scattering rate equations at various levels can be described as: ∂𝑛!∂𝑡 = 𝜂𝐽!"𝑒 + 𝑛!𝜏!" + 𝑛!𝜏!" − 𝑛!𝜏!" − 𝑛!𝜏!"   (1.1) ∂𝑛!∂𝑡 = 𝑛!𝜏!" + 𝑛!𝜏!" − 𝑛!𝜏!" − 𝑛!𝜏!" (1.2) ∂𝑛!∂𝑡 = 𝑛!𝜏!" + 𝑛!𝜏!" − 𝑛!𝜏!" − 𝑛!𝜏!" − 𝐽!"#𝑒  (1.3) 
where 𝜂 is the injection eﬃciency, 𝑛! is the number of electrons in level 𝑖, 𝑒 is the electron-
ic charge , 𝐽 is the current density and  𝜏!" is lifetime of the transition between initial sub-
band 𝑖 and final subband 𝑗. For a ‘cold’ system with no phonon (crystal lattice vibration) or 
thermal excitation of electrons to higher subbands, the above equations can be simplified 
further as: 
Chapter 1. Introduction 7 
 
   
∂𝑛!∂𝑡 = 𝐽!"𝑒 − 𝑛!𝜏!" − 𝑛!𝜏!"   (1.4) ∂𝑛!∂𝑡 = 𝑛!𝜏!" − 𝑛!𝜏!" (1.5) ∂𝑛!∂𝑡 = 𝑛!𝜏!" + 𝑛!𝜏!" − 𝐽!"#𝑒  (1.6) 
 
Figure 1.5: Schematic representation of a QCL with three–level lasing levels. 
Adapted from [20]. 
At steady state, the time derivative equates to zero, and eq. (1.5) can be rearranged as: 𝑛!𝜏!" = 𝑛!𝜏!" (1.7) 
The necessary conditions for population inversion (𝑛! > 𝑛!) can be derived from 
eq. (1.7) as 𝜏!" > 𝜏!".  
The gain coeﬃcient in QCL is mathematically expressed as [20,21]: 
𝑔 = 𝜂𝜏! 1− 𝜏!𝜏!" 4𝜋𝑒𝑧!"!𝜆!𝜀!𝑛!""𝐿! 12𝛾!" (1.8) 
where 𝑧!"!  is the dipole matrix element, 𝜆! is the wavelength in vacuum, 𝜀! is the dielectric 
constant in vacuum, 𝑛!"" is the eﬀective refractive mode index, 𝐿! is the length of one pe-
riod of the active module and injector/extractor stage, 2𝛾!" is the full-width-at-half maxi-
mum of spontaneous emission spectrum, and 𝜏! and 𝜏! are total upper and lower state life 
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times respectively. Lasing is observed when the gain in the structure exceeds the losses. The 
threshold current density, 𝐽!!, then is expressed as [20]: 
𝐽!! = 𝛼! + 𝛼!Γ𝑔  (1.9) 
where Γ is the confinement of the optical mode in the active material, 𝛼! is the waveguide 
loss and 𝛼! is the mirror loss, which can be calculated from the Fresnel reflectivity of the 
laser facets, specifically, the mirror losses can be expressed as [20]: 
𝛼! = 1𝐿 ln𝑅 (1.10) 
where 𝐿 is the length of the laser cavity and 𝑅 is the reflectivity, which can be expressed 
as [20]: 
𝑅 = 𝑛!"" − 1𝑛!"" + 1 ! (1.11) 
The threshold current in QCLs exhibits an exponential rise with temperature and can 
be expressed as [20]: 
𝐽!!(𝑇) = 𝐽! exp 𝑇𝑇!  (1.12) 
where  𝐽! is the threshold current at the characteristic temperature 𝑇!. 
The slope eﬃciency, which is a measure of the increase in optical power per unit cur-
rent above lasing threshold, can then be expressed as [20]: 𝜕𝑃𝜕𝐼 = 𝜂 12ℎ𝜈𝑒 𝑁! 𝛼!𝛼! + 𝛼! 1− 𝜏!𝜏!"  (1.13) 
where ℎ𝜈 is the energy of the emitted photon and 𝑁! is the number of repetitions of active 
modules including injector/extractor stages.  
The following section briefly describes the major milestones in the development of 
QCL technology. 
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1.3.2 Development of QCLs 
1.3.2.1 Mid–IR QCL active region design 
Unipolar intersubband transitions and population inversion in a cascaded structures were 
first proposed in the seminal paper by R. Kazarinov and R. Suris in 1971 [22]. However, in 
initial experiments lasing was not observed. This was later ascribed to be due to a lack of a 
uniform electric field in the designed structures [20]. Electron scattering and ultrafast relax-
ation through longitudinal–optical (LO) phonons, i.e. crystal lattice vibrations, were fur-
ther challenges faced during the initial design of the quantum cascade structure. Indeed, it 
was believed that electron scattering through the non–radiative LO phonon would be dom-
inant in a design where the optical transition is larger than the LO phonon energy [20]. A 
practical realisation of the cascaded design also required precise layers of high quality semi-
conductor material, which was a technological challenge at the time. However, with the 
development and optimisation of molecular beam epitaxy (MBE) the growth of complex 
quantum structures with atomic level precision became a reality [23–25]. 
The first successful unipolar intersubband laser was demonstrated in 1994 and oper-
ated in the mid–IR range of the electromagnetic spectrum at a wavelength of 4.2 µm [26]. 
The QCL was grown using MBE in the GaInAs/AlInAs material system on an InP sub-
strate. In this design, the extractor stage used LO phonons, which had initially been 
thought to be detrimental to optical transition, to depopulate lower lasing subbands 
[Figure 1.6]. The QCL operated in pulsed mode at cryogenic temperatures with a maxi-
mum operating temperature of 88 K and a peak power of ~8 mW. In the design, the 3–
QW active region with a diagonal optical transition was separated with a SL graded injector 
stage that supposedly prevented electric field inhomogeneity. However, subsequent demon-
strations of QCLs without any injector proved otherwise [27,28]. Furthermore, reduction 
of doping in the injector stage reduced impurity scattering and lowered threshold cur-
rent [29]. 
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Figure 1.6: Conduction band of the first demonstrated QCL. Moduli–
squared of electron wavefunctions in the active region and 
the injector/extractor stage formed from a digitally graded al-
loy are shown. Taken from [26]. 
Although the first QCL used a 3–QW design, active region designs with fewer QWs 
were also demonstrated. Shortly after the first demonstration, a 2–QW active region design 
with vertical optical transition was reported in ref. [30]. The conduction band of the design 
is shown in Figure 1.7 (a). The vertical optical transition oﬀered advantages over the diago-
nal optical transition used in the first demonstration, such as narrower gain spectrum and 
lower threshold currents due to the reduced sensitivity to interface roughness and impurity 
fluctuations [31]. The 2–QW was optimised further to achieve continuous wave (CW) op-
eration at 80 K [32], 110 K [33] and then at room temperature [34]. An active region de-
sign with 1–QW was also reported in ref. [35], which operated with a higher carrier life-
time in the lower lasing subband. However, the design did not match the superior tempera-
ture performance of the 2–QW based active region design. Meanwhile, an optimised low-
doped 3–QW active region with a vertical optical transition and a ‘funnel’ injector stage 
[Figure 1.7 (b)], which featured a gradual decrease in injector/extractor miniband, resulted 
in the first high power (~200 mW) pulsed mode room temperature operation [36,37]. This 
tapered injector design eﬀectively funnelled electrons into the ground state of the injec-
tor/extractor stage and into the upper lasing state of the next active module. 
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a. 
 
b. 
 
Figure 1.7: Conduction band of a QCL with: (a) Vertical optical transition. 
Taken from [30]. (b) Tapered funnel injector. Taken from [36]. 
All of the active regions discussed so far involved optical transitions between two lo-
calised discrete subbands in one or more QWs. A diﬀerent active region design, based on a 
SL was reported in ref. [38]. In this design, the optical transition was obtained between two 
strongly coupled SLs with electrons scattering across a minigap formed between the SLs 
[Figure 1.8 (a)]. Thus, the emission frequency was proportional to the energy diﬀerence 
between the SL minibands. The strong coupling of electron energy states in the SL allowed 
a higher current density through the structure. However, the selectivity of electron injec-
tion in this design was compromised due to the broad miniband associated with the optical 
transition. Although a higher optical power was obtained from the SL based active regions, 
the uniformly doped active region used to obtain a uniform electric field resulted in in-
creased impurity scattering and higher lasing threshold, which limited CW operation of the 
design [39]. The eﬀect of the impurity scattering was also manifested in the broad electro-
luminescence spectrum [38]. The SL design was subsequently improved by using uniform 
doping of injector stages and undoped active regions [39]. This was further optimised by 
doping specific injector regions, which reduced the impurity scattering and lowered the las-
ing threshold [40]. However, the high doping in specific regions of the injector stage result-
ed in an increase in lasing threshold at elevated temperature. The undoped SL active region 
was further optimised by gradual decrease in well width in the direction of electron flow to 
form a ‘chirped’ SL [41], as shown in Figure 1.8 (b). The graded SL led to localised sub-
bands, which formed a ‘quasi–electric field’. On application of an external field, the qua-
si–electric fields are compensated to form a uniform field in the structure. Lowering doping 
in this active region also improved the performance compared to a ‘normal’ SL design.  
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a. 
 
b. 
 
Figure 1.8: Conduction band of a QCL based on: (a) a superlattice. Taken 
from [38]. (b) A chirped superlattice. Taken from [41]. 
Another major milestone in the development of QCLs was the demonstration of las-
ing using a diﬀerent material system. All initial QCL designs were grown using the 
GaInAs/AlInAs material system. However, a QCL based on the GaAs/Al0.33Ga0.67As materi-
al system was reported in ref. [42], although there is a superior conduction band disconti-
nuity and lower eﬀective mass in the established GaInAs/AlInAs material system [43]. In 
fact, the conduction band discontinuity in GaInAs/AlInAs system was reported to be 
~520 meV [44,45], compared to value 290 meV observed in the first GaAs/Al0.33Ga0.77As 
based QCL [42,45]. However, GaAs/AlGaAs material system had an advantage over the 
InP based material system as it benefited from an established processing technology owing 
to the more commercial application of this material system at that time [46,47]. The adap-
tation to the GaAs/AlGaAs material system was crucial, however, for the development of 
the first FIR or THz QCL as a lower free carrier loss in THz regime was postulated due to 
the higher eﬀective mass in this material system [45]. 
1.3.2.2 Mid–IR QCL waveguides 
Section 1.3.2.1 described the development of mid–IR QCL active region design. This sec-
tion describe the waveguides used in mid–IR QCLs, which are optimised to lower losses. 
QCLs based on the GaInAs/AlInAs material system used an InP substrate, which had 
lower refractive index of ~3.10 than the active region [20,26,48]. Hence, an eﬀective opti-
cal cladding at the bottom of the active region was obtained from the substrate itself [43]. 
The top cladding was realised through growing alternate layers of InGaAs/AlInAs using 
MBE forming a DBR stack. To compensate for the weak refractive index contrast between 
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the top cladding and the active layers, a thicker cladding layer was used for QCLs with 
wavelength between 8–15 µm [49]. The top cladding layers were also doped to facilitate 
current injection through the active layers, but this increased free carrier losses in the wave-
guide [50]. Waveguide losses are particularly severe for QCLs operating at wavelengths 
longer than ~20 µm, as the free carrier losses are proportional to the square of the wave-
length [43,49]. The thicker cladding layers also posed a tremendous challenge for MBE 
growth. 
In addition to the free carrier losses, another significant contributor to waveguide loss 
originated from coupling of the optical mode to a surface plasmon (SP) formed at the inter-
face between the cladding and metallised contacts at the top [20]. SPs are electron oscilla-
tions at a material interface where the dielectric constants of the materials change polari-
ty [51]. To reduce this additional waveguide loss, a waveguide based on SP was reported in 
ref. [49]. This waveguide, called the ‘plasmon enhanced’ waveguide included a highly 
doped GaInAs layer between the active material and top metallisation to reduce unwanted 
coupling and increase confinement of the optical mode within the active material, but the 
additional highly doped GaInAs layer also increased the free-carrier losses in the wave-
guide [52,53]. However, it was subsequently shown that the lower skin-depth of the SPs in 
the metal at longer wavelengths (~17 µm) results in lower free-carrier losses but an increase 
in the optical confinement [53,54]. The increased confinement and lower losses also im-
proved the temperature performance of the laser [53]. The SP based waveguide was im-
proved further to include SP based cladding at both top and bottom of the active material, 
which further lowered the waveguide losses [55]. The mode profiles of the fundamental op-
tical mode in plasmon enhanced and SP based waveguides are shown in Figure 1.9. 
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a. 
 
b. 
 
Figure 1.9: Refractive index and mode profiles of the fundamental optical 
modes in a: (a) Plasmon enhanced waveguide. Taken from [50]. 
(b) SP waveguide. (Inset) Device cross–section. Taken from 
from [49]. 
Unlike for GaInAs/AlInAs QCLs on InP, the GaAs substrate used for GaAs/AlGaAs 
based QCLs does not give a large refractive index contrast with the active material [42]. 
Hence, the natural optical confinement obtained from the InP substrate in the former was 
not applicable for GaAs based devices. Instead, GaAs based QCLs used AlGaAs with high 
Al content as the cladding material. This reduced the cladding layer thickness while provid-
ing the required refractive index contrast [20,42]. However, the high Al content in the 
cladding proved detrimental to current transport due to the formation of deep level defects, 
which prompted an Al free cladding layer design [46,56]. Plasmonic cladding, using doped 
GaAs, was used in GaAs/AlGaAs based QCLs [57]. The refractive index profile and funda-
mental optical mode in a GaAs/AlGaAs QCL with doped GaAs cladding is shown in Fig-
ure 1.10. Plasmonic waveguides play a crucial role in the development of THz QCLs, 
which is discussed next. 
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Figure 1.10: The refractive index and mode profile of the fundamental optical 
mode in a GaAs/AlGaAs based QCL with plasmonic cladding. 
Taken from from [57]. 
1.3.2.3 THz QCL active region design 
Operation of QCLs in the long wavelength (THz) range requires smaller energy separation 
between the upper and lower lasing states. This narrow energy separation poses a significant 
challenge to the eﬃcient extract of electrons from the lower lasing state without depopulat-
ing the upper lasing state. Indeed, the energy separation of lasing states in THz QCLs is 
smaller than the LO phonon energy. Unlike mid–IR QCLs where electron transport is 
dominated by electron–phonon scattering, the lower optical transition energy and the ab-
sence of LO phonon interactions in THz QCLs entailed electron transport through elastic 
scattering processes, such as electron–electron scattering, impurity scattering and interface 
roughness scattering [43,58]. These ineﬃcient transport properties in THz QCLs can result 
in hot electrons, which can acquire suﬃcient thermal excitation to relax through a non–
radiative LO phonon transition [58–60]. Population inversion in THz QCLs is also aﬀect-
ed by thermal back–filling of lower lasing states, and room temperature operation of THz 
QCLs has not yet been achieved because of these adverse thermal eﬀects. The long wave-
lengths in the THz spectrum also increase free–carrier losses and render dielectric wave-
guides unsuitable for THz QCLs. Hence, development of THz QCLs required optimised 
waveguides based on surface plasmons. 
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The realisation of a THz QCL had to wait for almost a decade after the first mid–IR 
QCL and was first demonstrated in 2002 [15]. The reported THz QCL emitted a few mil-
li-Watts of optical power at 4.4 THz and addressed many issues that hitherto had plagued 
the operation of QCL designs in the THz range. It featured a GaAs/AlGaAs chirped SL 
design to maintain population inversion [Figure 1.11]. The SL structure had wide mini-
bands allowing eﬃcient extraction of electrons and suppressing thermal backfilling, which 
was pivotal in achieving population inversion in the device. While the first THz QCL op-
erated in pulsed mode to ~50 K, optimisation of the fabrication methodology and device 
geometry resulted in CW mode emission upto 35 K [61]. Further improvement in temper-
ature performance (48 K) in CW mode was observed by reducing the contact stripes used 
for ohmic metallisation at the top of the ridge [62]. A similar chirped superlattice design 
was also modified to obtain even lower frequency emission at ~3.5 THz [63]. A 2 THz 
QCL with a chirped SL was subsequently reported in ref. [64]. 
 
Figure 1.11: Conduction band of the active region of the first demonstrated 
THz QCL. Minibands of energy levels, shown in grey, allows 
injection of electrons into the upper lasing state 2, and ex-
traction of electrons from the lower lasing state 1 to the next 
upper lasing state. Taken from [15]. 
THz QCLs with a diﬀerent, ‘bound–to–continuum’ (BTC), active region were re-
ported in [65]. The BTC active region design is similar to the chirped superlattice structure 
and involves extraction of electrons in the lower lasing state through a miniband. However, 
the upper lasing state incorporates a bound defect state resulting in a spatial diagonal radia-
tive transition. This reduces non–radiative scattering of electrons from upper lasing states 
and improves lifetime of the upper state. As a result, BTC devices exhibited better tempera-
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ture performance than their chirped SL counterparts [66]. The reported design exhibited a 
superior temperature performance and lased (pulsed) up to a temperature of 95 K [65]. A 
similar BTC active region was then used to observe emission at lower frequencies (higher 
wavelength) at 2.90 THz [67], 2.75 THz [68], 2.59 THz [68], 1.8 THz [69], and 
1.6 THz [70]. The performance of BTC devices at lower frequency was also optimised to 
improve wall–plug eﬃciency and extraction from the lower lasing state [71]. 
The next major milestone in the development of THz QCL active region designs was 
the report of a radical new design involving a LO phonon based depopulation scheme [72]. 
The conduction band of the reported design is shown in Figure 1.12. The use of the high 
energy LO phonon (36meV in GaAs) for depopulation resulted in lower thermal backfill-
ing of the lower lasing states, a better control of population inversion and the subsequent 
higher temperature of operation. However, these devices require higher operating voltages. 
Although the first THz QCL with LO phonon active region exhibited a maximum operat-
ing temperature of 65 K, the temperature performance was improved significantly using a 
double–metal waveguide (to be discussed in section 1.3.2.4) [73]. Another advantage of the 
LO phonon active region over BTC or chirped SL active region is the simpler MBE growth 
due to the reduced number of QWs. The active region design was also simplified from a 
four–well design used in the first LO phonon THz QCL to a three–well design [74]. 
Thermal performance was further improved using a double LO phonon stage, which re-
duced thermal back filling [75]. Like the BTC design, LO phonon designs have also been 
used extensively to cover a broad frequency range, with emission observed at 3.8 THz [60], 
3.2 THz [76], 3 THz [77], 2.1 THz [78], 1.9 THz [79] and 1.45 THz [80]. 
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Figure 1.12: Conduction band of the first demonstrated THz QCL with LO 
phonon depopulation. A vertical optical transition takes place 
between levels 5 and 4. Level 4 and 3 are in resonance, from 
where electrons relax to levels 2 and 1 through LO phonons. 
Taken from [72]. 
Over recent years, BTC and LO phonon based active regions have become the dom-
inant THz QCL designs. It was only natural that a design, which combined the advantages 
of both were merged in a single active region design. An active region with a BTC diagonal 
transition and a LO phonon based depopulation scheme was reported in ref. [81]. The 
conduction band of the reported design is shown in Figure 1.13. The design was robust to 
small variations in growth thickness and promised higher temperature operation. Emission 
between 2.8–3.2 THz was observed from the design with a maximum operating tempera-
ture of 160 K. This design was modified further to use a GaAs/AlGaAs material system with 
a 16% Al fraction (unlike the original 15% Al fraction) to obtain the highest power emis-
sion from a THz QCL, with 1 W output obtained from a single facet [82]. 
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Figure 1.13: Conduction band of a THz QCL design with a BTC optical tran-
sition and LO phonon depopulation. Taken from [81]. 
The dominant LO phonon and BTC designs have also been modified extensively to 
obtain multi–colour emission from THz QCLs. An active region optimised to operate in 
dual frequency by changing polarity of the applied field was reported in [83]. This design 
operated at 2.3 THz in forward bias and 4 THz in reverse bias. Two–colour emission was 
also observed in a device reported in ref. [84], which involved growth of two disparate ac-
tive regions in a single heterostructure growth. This premise of growing multiple active re-
gion designs in the same heterostructure growth was extended further to design a broad-
band THz QCL design, which was composed of three diﬀerent active regions with optical 
transitions corresponding to 2.3, 2.7 and 3 THz [85]. A broadband emission from 2.2–
3.2 THz was observed from the design. Variation of emitted frequency from a THz QCL 
was also obtained by varying growth parameters systematically to change the width of the 
QWs. In the first instance, emission at diﬀerent frequency was observed in multiple wafers 
where the MBE growth rate was systematically varied [86]. This was improved in a subse-
quent demonstration of electrically tunable THz QCLs, by systematically varying the MBE 
growth rate during a single wafer growth [87]. 
It is worth pointing out that unlike mid–IR QCLs, the majority of THz QCLs re-
ported in the literature use the GaAs/AlGaAs material system. A 15% Al content has been 
used extensively. However, THz QCLs in diﬀerent material systems such as GaInAs/AlInAs 
on InP substrates have been demonstrated [88]. More recently, THz QCLs operating upto 
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142 K based on GaInAs/GaAsSb material have been shown [89]. Electroluminescence has 
also been observed from InAs/AlSb based THz QCLs [90]. 
1.3.2.4 THz QCL waveguides 
The first THz QCL used a SP based waveguide and a semi-insulating (SI) GaAs substrate to 
achieve THz radiation waveguiding in the growth direction [Figure 1.14 (a)]. The SI–GaAs 
substrate lowered free–carrier loss in the waveguide compared to an 𝑛–type substrate. SP 
modes between the active material and the substrate were realised by using a highly doped 
‘buried’ epilayer (with a negative dielectric constant), which was also used as an electrical 
contact to the device. The SP mode at the top of the ridge was realised by using another 
highly doped epilayer and metallised contacts. The optical mode in this waveguide extends 
from the SP mode at the top to the SP mode at the buried contact layer and into the sub-
strate with an optical confinement of around 50% with the gain material. This waveguide 
geometry is referred to as a semi–insulating surface plasmon (SISP) or ‘single metal’ wave-
guide in the literature [66]. 
a. 
 
b. 
Figure 1.14: (Left) Schematic representations and (right) optical mode intensi-
ty profiles of THz QCLs with: (a) Single–metal and (b) double–
metal waveguides. Taken from ref. [66]. 
While the single–metal waveguide was pivotal in extending QCL technology to the 
THz range, a variation of the SP scheme improved temperature performance of THz QCLs 
significantly. This is the so–called ‘double–metal’ waveguide [73], which features a metal 
cladding on either side of the active region [Figure 1.14 (b)]. Radiation is now confined in 
the active material between the metal cladding and an almost perfect optical confinement is 
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achieved. However fabrication of these waveguides is not straightforward and requires 
thermal compression bonding of metal–coated wafers. Another major diﬀerence between 
single and double metal waveguides is the doping of the substrate. Whereas single metal 
waveguide used an undoped GaAs substrate to reduce free–carrier losses, double–metal 
waveguides use a doped substrate for electrical connection to the device. Since, radiation is 
highly confined within the active material through the metal cladding, the doped substrate 
has little eﬀect on waveguide loss. Although, a double metal cladding with Au was used for 
the first demonstration of double–metal waveguide, it was reported that the choice of metal 
for cladding has a major influence on temperature performance. A higher operating tem-
perature was obtained using Cu, instead of Au, as the cladding material [91]. In a separate 
study, the eﬀect of diﬀerent cladding materials on temperature performance was investigat-
ed [92]. Maximum operating temperatures of 142 K [74], 155 K [93], 164 K [77], 
172 K [75], 178 K [91], 186 K [94] and ~200 K [95] were sequentially reported from LO 
phonon devices with double–metal waveguides. In fact, the device reported in ref. [95] op-
erating at ~200 K is the highest operating THz QCL to date. 
It is worth noting, that due to the sub–wavelength confinement of radiation in dou-
ble metal QCLs and the resulting impedance mismatch to free–space radiation, the far field 
emission from double–metal waveguides is highly non–uniform [66,96]. Far–field beam 
profiles from double–metal THz QCLs have been improved by using distributed feedback 
(DFB) gratings [97–99], integrated horn antennas [100], Si hemispherical lenses [101] and 
metamaterial based spoof SPs [102]. Double–metal waveguides have also been used to form 
microwave antenna based on lumped circuit components, as illustrated in Fig-
ure 1.15 [103–105].  
a. 
 
b. 
 
Figure 1.15: (a) Illustration of a microcavity LC resonator. Taken from  [103].  
(b) Illustration of a metamaterial based transmission line. Taken 
from ref. [104]. Both designs are based on a THz QCL with 
double–metal waveguide. 
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1.4 Single mode emission from THz QCLs 
1.4.1 DFB/DBR lasers 
THz QCL ridge waveguides are essentially Fabry–Pérot (FP) etalons, whose emission is 
characterised by multiple longitudinal modes spread across the gain bandwidth. Several ap-
plications require QCLs with spectral purity where emission is obtained in only a single 
mode (SM). SM emission has been observed in QCLs using a variety of waveguide designs 
including distributed feedback (DFB) gratings and photonic crystals (PhCs). 
DFB gratings have a periodic perturbation introduced into the laser cavity that acts as 
scattering sites. These spatial perturbations can be a change in the refractive index or wave-
guide losses in the cavity, or a combination of both. An illustration of a THz QCL with 
DFB grating is shown in Figure 1.16 (a). In such DFB cavities, the feedback required for 
lasing is obtained from an eﬀective reflectivity provided by the periodic gratings. Addition-
ally, the periodicity of the DFB gratings, or the grating pitch, also plays an important part 
in the selection of the lasing mode in the cavity. The forward and backward propagating 
waves experience partial reflection at the periodic gratings. These partial reflections add in 
phase at a characteristic Bragg wavelength (𝜆!") that depends on the grating pitch (Λ) and 
the eﬀective refractive index (𝑛!"") of the waveguide, and is given as [106] 
𝜆!" = 2𝑛!""𝛬𝑚    (1.14) 
where 𝑚 is the order of the grating.  
The DFB gratings also act as a filter and introduce a stopband centred at the Bragg 
wavelength. As an illustration, the transmission spectrum of a THz QCL with DFB grating 
is shown in Figure 1.16 (b). A stop band is seen centred at a Bragg frequency of 2.50 THz. 
Emission from DFB cavities can be observed on either side of this stop band. Lasing is fa-
voured at the edge of the stopband due to the relatively lower lasing threshold gain com-
pared to other longitudinal modes. 
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a. 
 
b. 
 
Figure 1.16: (a) Schematic diagram of a THz QCL cavity with DFB gratings. 
(b) Transmission spectrum (black) from a DFB grating with 
Bragg frequency at 2.50 THz (red). The DFB grating introduces 
a stop band centred at the Bragg frequency. 
An important parameter of a DFB grating is the coupling constant (𝜅). The coupling 
constant measures the feedback in the DFB gratings, and is expressed in terms of spatial 
modulation of refractive index and loss. The coupling constant is expressed as [107,108]: 
𝜅 = 𝜋𝑛!𝜆!" + 𝑗 𝛼!2    (1.15) 
where 𝑛! and 𝛼! are the amplitude of modulation of the refractive index and losses respec-
tively. The coupling strength of a DFB grating, which describes the coupling in the cavity, 
is calculated by multiplying the coupling constant with the cavity length. An optimum 
coupling and a uniform spatial distribution of the dominant lasing mode is observed when 
the coupling strength is between 1–2 [108]. 
Emission at the Bragg frequency is possible in DFBs that have an engineered defect, 
such as a 𝜆/4–shifted element in the grating [109]. The central 𝜆/4–shifted element modi-
fies the phase in the cavity and results in constructive interference at the Bragg frequency. 
Gratings with a 𝜆/4–shifted element are discussed in Chapter 6. 
DBR gratings, unlike DFBs, are etched only at the facet end and act as a passive 
eﬀective reflector, as illustrated in Figure 1.17. DBRs have a separate active cavity that pro-
vides gain in the structure. To match the discontinuity between active and passive wave-
guide sections, additional phase matching sections are used in DBR designs. Such DBR 
designs are common in optical lasers and are used extensively to design frequency tunable 
lasers [106]. Frequency tunable lasers with sampled grating DBRs (SG–DBRs) are also used 
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in optical lasers. The SG–DBRs have a spatial square grating that is convoluted with the 
standard DBR design. This results in gratings with a periodic discontinuity. These lasers 
feature two SG–DBRs at either end of the laser ridge. Recently, such SG–DBRs have been 
demonstrated in mid–IR QCLs as well [110]. 
 
Figure 1.17: Schematic diagram of a THz QCL cavity with a DBR grating. 
Fabrication of DFB/DBR gratings in optical or mid–IR lasers is quite challenging 
and involves etching of active heterostructure and regrowth of dielectric cladding. Howev-
er, unlike optical or mid–IR lasers which require dielectric waveguides, the optical mode 
inside the THz QCL cavity is guided by surface plasmons formed at the interface of the 
waveguide core (active region) and metal cladding layers. DFB structures in THz QCLs are 
thus fabricated by simply etching away plasmonic cladding material.  
The first few demonstrations of DFBs in THz QCLs featured single metal wave-
guides and were reported in Refs. [111–113]. All of these devices had a first–order DFB 
grating. Higher order gratings are of particular importance in THz QCLs with double met-
al waveguides. The sub–wavelength aperture in double metal THz QCLs results in diﬀrac-
tion and degrades far field beam profiles. Higher order DFB gratings facilitate radiation 
collection from the surface of the grating. The possibility of collection of radiation from the 
DFB grating surface has been developed extensively. THz QCLs with double metal wave-
guide featuring second and third order DFB gratings were reported in ref. [97,114,115] 
and [99] respectively. Double metal THz QCLs with laterally corrugated DFBs have also 
been demonstrated [116]. DFB structures in these devices were implemented as deep 
etched grooves on the waveguide ridges.  
DFB gratings with a central 𝜆/4–shifted element have also been reported for double 
metal THz QCLs in [98]. The central 𝜆/4–shifted element not only resulted in emission at 
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the Bragg frequency, but also improved the far field beam profile from a dual lobed beam 
to a single lobed radiation. The SM emission and far field beam profile of double metal 
THz QCLs have also been investigated with two–dimensional PhCs [117–122]. PhCs form 
photonic bandgaps, analogous to energy bandgaps in semiconductors. Similar to DFBs, the 
far field emission from PhCs was improved by including a 𝜆/4–shifted element.  
DFB grating geometries have been modified in many designs to improve device per-
formance. Improved out coupling have been reported from DFBs with dual slits [123]. The 
possibility of achieving coarse and fine tuning of frequency by varying grating pitch and the 
mark-to-space-aspect or the grating duty cycle have been demonstrated in DFBs with a 
‘rib’ geometry [124]. 
1.4.2 Photonic crystals 
SM emission has also been observed from THz QCLs formed into PhCs [118–120,125]. 
The optical behaviour in PhCs is analogous to energy bands in semiconductors. In a semi-
conductor heterostructure, such as GaAs/AlGaAs system, the higher potential of one mate-
rial (AlGaAs) forms an energy barrier and restricts movement of electrons across the barrier. 
PhCs, likewise, restrict the movement of photons in a material across ‘photonic bandgaps’. 
PhCs feature a periodic perturbation in the material to form regions of high and low dielec-
tric constant (analogous to potential barriers in semiconductor heterostructures) [117,126–
128]. The propagation of photons within such PhC structure is governed by the energy of 
the photons, and thus, certain frequencies (wavelengths) are allowed whereas others are for-
bidden. 
THz QCLs with PhCs have been designed in a honeycomb lattice to form photonic 
band gaps [118,125]. The devices feature an array of air gaps, realised by patterning the 
cladding metal with holes, and subsequent etching of the top doped epilayer [Figure 1.18]. 
It is important to note that such devices diﬀer from a QCL ridge geometry and radiation is 
collected from the top of the device, rather than end facets as in a standard QCL. 
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Figure 1.18: Optical image of a PhC from a double metal THz QCL with hex-
agonal geometry. Arrays of air gaps are evident on the device sur-
face allowing perturbation of the dielectric constant of the top 
cladding and outcoupling of light. Taken from [118]. 
Single mode emission from PhCs has also been observed by incorporating side ab-
sorbers [119]. The side absorbers are regions at the edge of the PhC where the top doped 
layer is etched away. A schematic diagram of the side absorbers is shown in Figure 1.19 (a). 
The side absorber leads to mode mismatch at the edge of the cladding, and introduces high 
reflectivity, which forces lasing in a particular mode. Optimisation of the beam profile of a 
PhC has also been reported by incorporating a π-phase shifter in the air gaps struc-
ture [120] and improving the Q-factor, as shown in Figure 1.19 (b). 
a. 
 
b. 
 
Figure 1.19: (a) Schematic diagram of a THz QCL with PhC (top) without 
side absorber, and (bottom) with side absorber. The top doped 
epilayer is removed along the device edge to form the side ab-
sorber. Taken from [118]. (b) Optical images of a PhC with op-
timised Q factor (left) without 𝜋–phase shifter, (right) with 𝜋–
phase shifter. Taken from [120]. 
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1.5 Thesis outline 
The aim of the work described in this thesis is to obtain frequency tunable single mode 
emission from THz QCLs; THz QCLs with single–metal waveguide were used for all fab-
ricated devices as this allows eﬃcient coupling of radiation into imaging systems. Chapter 2 
describes the general fabrication and characterisation techniques used.  
Chapter 3 describes single mode emission from THz QCLs with one–dimensional 
photonic lattices (PLs). PLs were patterned using electron beam lithography (EBL) to de-
posit grating structures in the centres of single–metal QCL ridges. The eﬀect of the PL 
stopband on the emission spectra was investigated from multiple devices fabricated with 
diﬀerent grating pitches. 
Chapter 4 investigates the possibility of obtaining a frequency tunable THz QCL 
from a three–segment THz QCL. The central section of the QCL ridge featured a finite 
PL, which was deposited after etching away the doped contact epilayer underneath the PL. 
The two outer segments at either side of the central PL featured a standard single–metal 
waveguide. Carrier depletion under the PL grating was investigated by applying a separate 
bias in the PL section.  
Chapter 5 investigates discrete vernier tuning using a coupled–cavity geometry. Two 
FP cavities were coupled through an air gap separation. Frequency tuning was investigated 
by varying the refractive index of a ‘tuning’ cavity through current induced Joule heating. A 
modified coupled–cavity design optimised for continuous tuning is described in Chapter 6. 
Continuous tuning from coupled cavities with an integrated PL is also investigated. 
Chapter 7 summarises the results obtained from the previous chapters and discusses 
optimisation of the cavity design in a section outlining future work. 
 
 
   
 
 
   
Chapter 2   
 
Fabrication and characterisation of 
single–metal THz QCLs 
2.1 Introduction 
A number of high quality terahertz (THz) quantum cascade lasers (QCLs) with a single 
metal waveguide were fabricated for this project. This chapter describes a general fabrica-
tion and characterisation technique used for all THz QCL samples used for the project. 
Any specific variation in either the fabrication or the characterisation procedure used for a 
particular study would be mentioned in the respective chapters. The following section de-
scribes the detailed fabrication methodology. 
2.2 Fabrication of THz QCL with single–metal wave-
guide 
The processing methodology adopted for the fabrication of THz QCLs involved multiple 
iterations of optical photolithography. Electron beam lithography (EBL) was also used ex-
tensively to pattern periodic grating structures. Several devices were etched after device 
packaging using a focussed ion beam (FIB) milling system. 
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The THz QCL samples used in this project were grown using molecular beam epi-
taxy (MBE). All wafers were grown on a semi-insulating (SI) GaAs substrate. A typical wa-
fer growth started with a 250-nm thick GaAs buﬀer layer and a 300 nm thick Al50Ga50As 
etch stop layer. A 600–700-nm thick 𝑛–doped GaAs layer doped with a Si density between 1– 2×10!" cm-3 was grown next. Following the growth of this ‘buried contact’ layer, the 
active-region heterostructures were grown next. The exact layers grown for the active region 
depends on the design. However, a typical THz QCL wafer would include 90–120 repeti-
tion of the active module. Growth was concluded with a 60–80-nm thick GaAs layer 𝑛–
doped with Si at 5×10!" cm-3. The MBE grown layer structure of a typical wafer with a 
bound-to-continuum design is tabulated in Table 2.1 as a reference. Samples with typical 
dimensions of 6 mm × 8 mm were then cleaved from the wafer and were processed to fab-
ricate a laser chip.  
The typical fabrication steps of a THz QCL chip involved extensive micro and nano–
fabrication techniques (as described, for e.g. in ref. [129,130]). The following are the major 
processing stages: 
1. Sample cleaning and edge bead removal. 
2. Mesa etching using wet chemicals to form laser ridge. 
3. Deposition of ohmic side contacts. 
4. Annealing of ohmic side contacts. 
5. Deposition of ohmic top contacts. 
6. Deposition of cladding metal. 
7. Substrate etching and metallisation. 
8. Sintering of top ohmic contact. 
9. Cleaving, soldering and packaging of laser ridges. 
All chrome masks used for the fabrication had three 6-mm long laser ridges in a chip. 
Each of the processing stages is described in the following sections. 
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Table 2.1: MBE layer growth structure of L1007. 
Layer 
Material 
Thickness 
(nm) 
Doping 
(cm-3) Comments III-V  
Material Composition 
1 GaAs - 250 - Buﬀer layer 
2 AlGaAs Al50Ga50As 300 - Etch stop layer 
3 GaAs - 600 1 x 1018 Buried contact 
4 As  - 1.3 x 1016 Interrupt 
Start of 110 period repeat 
5 AlGaAs Al10Ga90As 5 -  
6 GaAs - 12.6 -  
7 AlGaAs Al10Ga90As 4.4 -  
8 GaAs - 12.0 -  
9 AlGaAs Al10Ga90As 3.2 -  
10 GaAs - 12.4 1.3 x 1016  
11 AlGaAs Al10Ga90As 3.0 -  
12 GaAs - 13.2 1.3 x 1016  
13 AlGaAs Al10Ga90As 2.4 -  
14 GaAs - 14.4 -  
15 AlGaAs Al10Ga90As 2.4 -  
16 GaAs - 14.4 -  
17 AlGaAs Al10Ga90As 1.0 -  
18 GaAs - 11.8 -  
19 AlGaAs Al10Ga90As 1.0 -  
20 GaAs - 14.4 -  
End of 110 period repeat 
21 AlGaAs Al10Ga90As 5.0 -  
22 GaAs - 12.6 -  
23 AlGaAs Al10Ga90As 4.4 -  
24 GaAs - 12.0 -  
25 AlGaAs Al10Ga90As 3.2 -  
26 GaAs - 12.4 1.3 x 1016  
27 AlGaAs Al10Ga90As 3.0   
28 GaAs - 20.0 1.3 x 1016  
29 GaAs - 70 5 x 1018 Top contact 
 
2.2.1 Sample cleaning and edge bead removal 
The first processing step involved cleaning of MBE grown samples. This was done to elimi-
nate contaminants and organic residues. Samples were cleaned with acetone in an ultrason-
ic bath at 10 % power for one minute, and were rinsed with isopropyl alcohol (IPA). This 
sequence was repeated at least twice. Following the wet cleaning, samples were cleaned in 
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an Emitech K1050X Plasma Asher at 85 W for five minutes to remove stray organic resi-
dues. A similar cleaning procedure was followed before any optical or electron beam lithog-
raphy steps. 
After cleaning, the samples were spin coated with Shipley® Microposit® S1813 posi-
tive photoresist. A SUSS MicroTec resist spin-coater was used coat the samples at 
5000 rpm for 30 seconds. A typical resist thickness of ~1.2 µm was obtained from the spin 
coating [131]. The resist coated samples were pre–baked in a digital hotplate at a tempera-
ture of 115°C for one minute to remove excess solvents from the resist. The sharp edges of 
the samples results in a thick build up of resist at the corner and along the edge of the sam-
ple. This resist build up was removed in the first stage of optical photolithography using an 
edge removal mask set. A Karl SUSS MJB3 optical mask aligner was used to expose samples 
with 310 nm UV radiation. Although a typical exposure dose of 10 mW/cm2 for 
three seconds was used for the exposure of the 1.2-µm thick resist, the thick resist at the 
edge and corner of the samples required an increased exposure of approximate ten seconds. 
Following the UV exposure, the resist was developed in a Shipley® Microposit® MF-319 
developer for two minutes. The developed samples were rinsed with de–ionised (DI) water 
and dried with nitrogen jet. The removal of the thick resist along the perimeter allowed bet-
ter contact between the chrome mask and the sample, and results in better pattern exposure 
in subsequent lithography steps. 
2.2.2 Mesa etching using wet chemicals to form laser ridge 
Following the edge bead removal, the samples were processed to define laser ridges. This 
processing step aimed to etch ridges on the sample surface exposing the buried contact layer 
(layer 3 in Table 2.1). Thus, the depth of etching would depend on the active-region de-
sign. The depth of etching was critical to form an eﬃcient electrical contact to the device. 
An over etching may risk a complete etching of the buried contact, which is essential to 
form a good electrical contact to the device. The etch depth of a typical THz QCL active-
region was between ~10–14 µm. The etch depth of the QCL active region for the MBE 
layer growth structure as tabulated in Table 2.1 was ~14.1 µm. 
A wet chemical etching using an aqueous solution of H2SO4 and H2O2 was used to 
define laser ridges, which results in anisotropic etch profile in GaAs [132–134]. The H2O2 
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in the etchant solution oxidises Ga and As. The oxides are subsequently attacked by H2SO4 
and are removed from the surface [135]. The rate of this chemical etching is dependent on 
the crystallographic orientation and results in its characteristic anisotropic etch profile. This 
crystallographic preference of the wet–chemical etching process was exploited to form a 
sloping sidewall along the length of the etched ridge. An illustration of a sample after mesa 
etching to define laser ridge is shown in Figure 2.1. 
 
Figure 2.1: Illustration of a sample after laser ridge etching. 
The resist–coated samples were exposed with UV for a second stage of photolithogra-
phy at a dose of 10 mW/cm2 for three seconds to define three 160-µm wide and 6-mm 
long rectangular features. After exposure, the samples were developed in MF-319 developer 
for 70 seconds. Development was seized by a rinse in DI–water. Samples were dried with 
nitrogen jet and were post–baked at 115°C for a further one minute. The post baking en-
hanced the adhesion of the resist with the sample surface and made the resist surface robust 
to withstand the wet chemical etching process that followed. The samples were loaded on a 
glass slide using S1813 resist with the patterned side facing up. This ensured an easier han-
dling of the samples during the etching process. Optical microscopy of a sample after the 
photolithography for mesa laser ridge definition is shown in Figure 2.2. 
An aqueous solution of wet chemical etchant of H2SO4, H2O2 and H2O, mixed in 
the ratio 1:8:40 by volume, was used for the mesa etching. The etch rate of the etchant is 
dependent on the temperature of the solution. The exothermic preparation process required 
the etchant solution to stand for ~15 minutes to attain a stable room temperature. The typ-
ical etch rate of the etchant solution varied between 800–900 nm/min at room tempera-
ture. 
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Figure 2.2: Optical microscopy of a sample after development of resist for mesa 
laser ridge definition. The cross marks along the sides served as 
alignment marks for subsequent lithography steps. The horizontal 
marks served as visual aid to measure device length during cleav-
ing. The dark ‘dot’ in the sample is a oval defect, typical in MBE 
grown samples. 
The etching process started with the measurement of resist thickness using a stylus 
based Alpha step surface profiler. Samples were subsequently etched at intervals of around 
four minutes. The etch depth was measured after each iteration to measure the depth of 
etching as well as to evaluate the etching rate. After the etching, the resist was removed with 
acetone. Samples were cleaned following an identical procedure as described in sec-
tion 2.2.1. The etch depth of the samples were measured with the surface profiler after 
cleaning. Optical microscopy of a sample after etching is shown in Figure 2.3. 
 
Figure 2.3: Optical microscopy of a sample after etching. Sloped sidewall along 
the length of the ridge is evident from the thick dark features. 
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2.2.3 Deposition of ohmic side contacts 
Following the mesa etching, an ohmic contact metal was deposited on either side of the 
laser ridge. A eutectic alloy of Au/Ge/Ni was used to form a low resistance ohmic contact to 
the buried contact layer (layer 3 in Table 2.1). The eutectic alloy of Au/Ge/Ni is an estab-
lished contact material for GaAs/AlGaAs heterostructures and 𝑛-GaAs [136,137]. An illus-
tration of a sample after deposition of the ohmic side contact is shown in Figure 2.4. 
 
Figure 2.4: Illustration of a sample after deposition of ohmic side contact. 
The side contact deposition process began by cleaning the samples after the mesa 
ridge etch. After cleaning, the samples were spin coated with the same S1813 photoresist at 
5000 rpm for 30 seconds and were pre–baked at 90°C. The lower pre–bake temperature 
ensures optimal lift–oﬀ. Samples were aligned to the appropriate mask using the alignment 
cross–marks [Figure 2.2] in the mask aligner and were exposed to UV under the chrome 
mask for the third stage of photolithography with a typical dose of 10 mW/cm2 for 
three seconds. After the UV exposure, the samples were soaked in chlorobenzene for 
two minutes. The cholorobenzene was dried with nitrogen jet and the samples were devel-
oped in MF-319 for 70 seconds. After development of the resist, the samples were rinsed 
with DI–water and dried with nitrogen jet. The cholorobenze treatment renders the im-
mersed surface more robust to development. Thus, the development rate at the resist sur-
face is lower than that in the bulk of the resist. This diﬀerence in development rate results 
in an overhang of the developed feature, which helps in lift–oﬀ procedure [138]. An Opti-
cal microscopy of a sample after photolithography for side contact deposition is shown in 
Figure 2.5. 
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Figure 2.5: Optical microscopy of a sample after development of photoresist 
for side contact deposition. 
After the development, the samples were cleaned with oxygen plasma at 25 W for 
70 seconds to remove stray organic residues from the developed surface. Samples were 
loaded into a Leybold UNIVEX 300 thermal evaporator. Ingots of Au/Ge/Ni (premixed at 
88% Au, 12% Ge, 5% Ni by weight) weighing approximately 0.60 gm were used for depo-
sition onto the sample surface. The alloy was evaporated at a rate of 1–2 Å/sec and a cham-
ber pressure below 2×10!! mBar. Thin films of Au/Ge/Ni, approximately 250–300-nm 
thick, were obtained from the 0.60 gm ingots. Following the evaporation, samples were 
immersed in acetone for around ten minutes to lift–oﬀ metal from the residual surface and 
were cleaned following an identical procedure as described in section 2.2.1. An Optical mi-
croscopy of a sample after lift–oﬀ and cleaning is shown in Figure 2.6. 
 
Figure 2.6: Optical microscopy of a sample after lift–oﬀ of side contact deposi-
tion. 
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2.2.4 Annealing of ohmic side contacts. 
After cleaning, the ohmic side contacts were annealed at 430°C for one minute using a An-
nealSys rapid thermal annealer.  
On annealing at temperatures about 400-430°C, Ge atoms diﬀuse into the GaAs and 
substitute Ga atoms in the GaAs crystal, resulting in a high 𝑛!–doped region in the semi-
conductor [139]. The Ni atoms also diﬀuse into the GaAs crystal and enhance the diﬀusion 
of Ge atoms into the crystal [137]. The Ni atoms also reduce the surface tension of AuGe 
layer [140]. and serve as a barrier to the inter- diﬀusion between the AuGe layer and the Au 
top contact [137]. Au/Ge/Ni contacts to 𝑛-GaAs exhibits low contact resistivity of the or-
der of ~10!! ΩΩ/cm2 [136,141]. 
After annealing, the morphology of the deposited Au/Ge/Ni contact metal changes 
due to the diﬀusion of Ge and Ni into the substrate and is evident on the physical appear-
ance of the ohmic contact pads. An Optical microscopy of a sample after annealing of the 
ohmic side contacts is shown in Figure 2.7. It can be observed that the shiny reflecting sur-
face of deposited ohmic metal is transformed after annealing. A common practice followed 
after annealing was to measure the contact resistance between the annealed contact pads 
using a probe station and a digital multi-meter. Typical resistances between 5–10 ΩΩ were 
measured between the contacts. A high contact resistance is detrimental to device perfor-
mance and may result in large heat dissipation at the contact regions. 
 
Figure 2.7: Optical microscopy of a sample after annealing of ohmic side contacts. 
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2.2.5 Deposition of ohmic top contacts 
A similar ohmic contact metal was deposited on top of the QCL ridges to form a low re-
sistance top contact. However, the ohmic metal was not deposited throughout the entire 
surface of the ridge, instead two 10-µm wide ohmic strips were deposited. This was done to 
reduce free carrier loss in the waveguide [62]. An illustration of a sample after deposition of 
ohmic contact at the top of the ridge is shown in Figure 2.8. 
 
Figure 2.8: Illustration of a sample after deposition of ohmic side contact. 
The fabrication procedure followed identical processing steps as described in sec-
tion 2.2.3. The samples were spin coated with S1813 and were exposed under UV for the 
fourth stage of photolithography with an appropriate mask for the top ohmic contact. 
Samples were then soaked in chlorobenzene and were developed with MF-319. Optical mi-
croscopy of a sample after development is shown in Figure 2.9 (a). After development sam-
ples were cleaned with oxygen plasma asher at 25 W for 70 seconds. Au/Ge/Ni alloy was 
deposited using the same Leybold UNIVEX 300 thermal evaporator. Generally, 0.3 gm 
ingots of the alloy were used to obtain ~100–130-nm thick metal films. After thermal 
evaporation, the samples were treated with acetone to lift–oﬀ metal and were cleaned with 
acetone/IPA and oxygen plasma at 85 W for five minutes. Optical microscopy of a sample 
after lift–oﬀ is shown in Figure 2.9 (b). The samples were not annealed after metal lift–oﬀ 
to prevent damage to the active material of the QCL due to diﬀusion of alloy material. 
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a. 
 
b. 
 
Figure 2.9: Optical microscopy of a sample during top ohmic contact deposi-
tion: (a) after development of photoresist, and (b) after metal 
lift–oﬀ. 
2.2.6 Deposition of cladding metal 
Since the top ohmic contact did not cover the entire surface of the laser ridge, a separate 
cladding metal of Ti/Au was used to confine radiation inside the laser cavity. A thin layer of 
Ti was deposited before Au to reduce surface tension and to promote adhesion of Au with 
the sample surface. The Ti/Au was also deposited at the side ohmic contacts. This enabled 
better wire bonding to the ohmic contact pads. An illustration of a sample after deposition 
of Ti/Au cladding metal is shown in Figure 2.10. 
 
Figure 2.10: Illustration of a sample after deposition of cladding metal. 
The cladding deposition process began by cleaning the samples after the top Ohmic 
contact deposition. After cleaning, the samples were spin coated with S1813 and were ex-
posed under UV for the fifth and final stage of photolithography with a mask for the clad-
ding metal deposition. Samples were then soaked in chlorobenzene and were developed 
with MF-319. Optical microscopy of sample after development is shown in Figure 2.11 (a). 
Following development of resist, the samples were cleaned with oxygen plasma asher at 
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25 W for 70 seconds. A Leybold UNIVEX 350 electron beam evaporator was used to de-
posit 20 nm of Ti followed by 200 nm of Au. After evaporation, the samples were again 
treated with acetone to lift–oﬀ metal. Samples were subsequently cleaned with acetone/IPA 
and oxygen plasma at 85 W for five minutes.  An Optical microscopy of a sample after lift–
oﬀ is shown in Figure 2.11 (b). 
a. 
 
b. 
 
Figure 2.11: Optical microscopy of a sample during cladding metal deposition: 
(a) after development of photoresist, and (b) after metal lift–oﬀ. 
2.2.7 Substrate etching and metallisation 
To improve thermal dissipation from QCL ridges, the GaAs substrate was thinned to 
~200 µm. Samples were mounted with wax to glass slides for better handling. Wax was 
melted in a hotplate at 70°C and samples were placed in the molten wax such that the fab-
ricated ridges are buried under the wax. The glass slides were withdrawn from hotplate to 
cool the wax. Care was taken such that no wax spilled on to the substrate. The height of the 
wax-mounted sample was measured using a Tesatronic micrometer. The samples were sub-
sequently etched with a wet chemical etchant of H2SO4, H2O2 and H2O mixed in a ratio of 
1:8:1 by volume. The etchant was heated to a temperature of 50°C during the etching pro-
cess to obtain a typical etch rate of ~20 µm/minute. After etching, the samples were rinsed 
with DI–water to stop the etching process. The etch depth was measured after every 
5 minutes to evaluate the etch rate and to verify that the processed ridge are not aﬀected by 
the etchant solution. 
After substrate etching, the samples were separated from the glass mount. The wax 
was melted using a hotplate at 70°C and the samples were cleaned with trichloroethylene. 
The thinned substrate made handling of samples non–trivial and utmost care was taken 
during the sample handling. The samples were also cleaned with acetone and IPA in multi-
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ple iterations. Both the substrate side and the ridge surface were cleaned with oxygen plas-
ma at 85 W for five minutes. The substrate side of the samples were subsequently deposited 
with 20 nm of Ti and 150 nm of Au using the same UNIVEX 350 electron beam evapora-
tor. The Au coating at the substrate surface helped in the soldering of samples during pack-
aging. 
2.2.8 Sintering of top ohmic contact 
After substrate thinning, the top contact was sintered at a temperature of 270°C for four 
minutes using the same rapid thermal annealer. The separate annealing of the ohmic con-
tacts at the side and at the top of the laser ridge follows an identical processing procedure, 
as was reported in ref. [61]. A lower sintering temperature was used to prevent the diﬀusion 
of alloy metals from the ohmic strips, at the top of the ridge, to the active material. The sin-
tering process also enhanced the adhesion of the metal films to the sample surface. After 
sintering of top ohmic contact, the samples were ready for cleaving into Fabry–Pérot laser 
cavities and were package into a Cu mount. 
2.2.9 Cleaving, soldering and packaging of laser ridges 
All fabricated samples contained three laser ridges, as shown in Figure 2.12 (a). To obtain 
an operational laser device from the chip, the chip was diced to obtain individual laser 
ridges. This was done using a JFP S-100 automated scriber with a diamond cutter. The fab-
ricated chips were scribed along the dotted lines as illustrated in Figure 2.12 (a). 
The diced laser ridges were subsequently cleaved to obtain mirror–like facets to form 
Fabry-Perot cavities. The diced laser ridges were cleaved along the dotted lines shown in 
Figure 2.12 (b). The facets were carefully cleaved to obtain mirror like surface that would 
provide feedback for lasing with a minimum mirror loss. Any surface damage would in-
crease mirror losses in the device and may increase the lasing threshold. 
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Figure 2.12: (a) Schematic of a fabricated THz QCL chip with three 6 mm 
long laser ridges. Samples were diced along the dotted lines to ob-
tain three individual laser ridges, which were subsequently 
cleaved to obtain Fabry–Pérot cavities. (b) Schematic of cleaving 
of a diced laser ridge. The diced laser chips were cleaved along the 
dotted lines. During manual cleaving, a small crack was intro-
duced at the edge of the diced laser, whereas during automated 
scribing process, a 500 µm long line was scribed from the edge 
into the sample. 
The ridge separation and facet cleaving was performed using either a scalpel knife or a 
JFP S-100 automated scriber with a diamond point. Devices described in chapters 3 and 4 
were cleaved manually with a surgical scalpel knife. The facet cleaving process involved in-
troduction of a small controlled ‘crack’ at the edge of the diced laser ridge. Mirror facets 
were realised by breaking the laser ridge along the crystal plane of the GaAs/AlGaAs mate-
rial. The measurement marks shown in Figure 2.2 were used as a guide to cleave devices of 
an approximate length. The cleaved facets were checked under a microscope to verify de-
fects.  However, a major disadvantage of this process is an uncontrolled shattering of laser 
ridge, which significantly decreased the fabrication yield. Another limitation of the manual 
scribing was the diﬃculty in cleaving lasers of precise length. 
To improve the process yield the devices described in chapters 5 and 6 were cleaved 
using the automated scriber. The automated scriber operated on a similar principle as the 
manual scribing, however, it used a diamond tip to scribe 500 µm long scribe marks at the 
edge of the diced ridge. Facets were cleaved by applying a gentle force along the scribed 
marks. The automated scribing technique improved the processing yield and also cleaved 
laser ridges of precise lengths. Images of cleaved facets obtained from scanning electron mi-
croscopy (SEM) are shown in Figure 2.13. 
Chapter 2. Fabrication and characterisation of single–metal THz QCLs 43 
 
   
a. 
 
b. 
 
c. 
 
d. 
 
Figure 2.13: (a–d) SEM of cleaved facets using automated scriber. 
The cleaved devices were mounted on a Cu block using In/Au soldering and were 
wire bonded. A typical Cu block houses two cleaved devices. A schematic diagram of the 
wire bonding is shown in Figure 2.14. The bottom ohmic contact of both of the devices 
was connected to the same small ceramic pad in the top–middle, whereas the top ohmic 
contacts were connected separately to two larger ceramic pads. 
 
Figure 2.14: Schematic diagram of packaging of two THz QCL devices (la-
belled as device ‘Top’ and device ‘Bottom’) on a Cu block. 
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The Cu mounts used for the packaging were typically 19-mm long, 7-mm wide and 
2-mm thick and were polished at one of the two faces. The Cu mounts were cleaned in an 
ultrasonic bath of acetone at 100% power for ten minutes. This was followed by another 
iteration of ultrasonic cleaning with IPA at 100% power for another ten minutes. After 
drying the Cu blocks with nitrogen jet, they were heated to a temperature of 170°C. The 
polished face of the Cu blocks was subsequently deposited with 20 nm of Ti and 150 nm 
of Au using the same Leybold UNIVEX 350 evaporator as described in section 2.2.6. The 
Au coating was used to solder the cleaved QCL device to the Cu mount. 
Ceramic pads with a Au layer at top were used for bond wiring. The ceramic pads 
were glued to the Cu block using Oxford Instruments GE varnish C5-101. The cleaved 
devices were soldered onto the Cu mount with an In melt. The In film was placed on the 
Au coated Cu block and was melted using a hotplate at a temperature of 145°C. The mol-
ten In was spread even across the Au coated polished face of the Cu block and was cooled 
to a temperature of 130°C (below the melting temperature of In). Cleaved QCL devices 
were positioned at the Cu block, as illustrated in Figure 2.14, and were held firmly using 
two point probe needles. With this arrangement, the temperature of the hotplate was in-
creased to 170°C when In would melt again and form a strong bond with the Au at the 
substrate side of the QCL devices (see section 2.2.7). With the probe needles still holding 
the QCL devices in place, the temperature of the hotplate was decreased to 100°C rapidly 
using heat sinks. Au wire connections to the device were subsequently established at a heat-
ed stage (80–100°C) using a Kulicke & Soﬀa 4524 Ball Bonder. An Optical microscopy of 
a bonded device is shown in Figure 2.15. After packaging, the devices were ready for char-
acterisation. 
Although THz QCLs with a ‘standard’ single–metal waveguide were fabricated fol-
lowing processing steps described above, devices with specialised waveguide structure re-
quired additional processing steps like electron beam lithography (EBL) (discussed in chap-
ters 3 and 4) or focussed ion beam (FIB) milling (discussed in chapters 5 and 6). The fol-
lowing section describes the processing steps used for EBL and FIB milling. 
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Figure 2.15: Optical microscopy of a QCL device after packaging and wire 
bonding. 
2.2.10 Electron beam lithography 
Optical photolithography was used for all stages of resist patterning discussed so far. This 
technique requires a chrome hard mask and is better suited for processing where pattern 
features do not need change. While this was perfectly suited for all lithographic stages dis-
cussed so far, it is not ideal for patterning grating features where feature dimensions vary 
with design. A significant proportion of devices fabricated for this project involved frequen-
cy selective grating structure, which were patterned with EBL. EBL provides flexibility in 
changing design parameters, and suited the rapid prototyping methodology adopted. EBL 
is used extensively in chapters 3 and 4. 
A Raith 50 EBL workstation was used for all EBL patterning. A GDSII mask editor 
software accompanying the EBL system was used for the mask designs. In the initial trials a 
mono–layer resist process was used. Samples were spin coated with PMMA 950 A4 elec-
tron beam resist at 4000 rpm for 30 seconds and were baked in a convection oven at 170°C 
for an hour before the pattern exposure. An electron source at 30 kV was used for the expo-
sure with a beam spot size of 250 and a dose of 200 µAs/cm2. Samples were developed in a 
solution of MIBK and IPA premixed at a volume ration of 1:3 for one minute. An Optical 
microscopy of a sample with patterned grating features is shown in Figure 2.16 (a). Follow-
ing the development the samples were cleaned in oxygen plasma at 25 W for 70 seconds to 
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remove any organic residue. Samples were subsequently deposited with 20 nm of Ti and 
70 nm of Au. The samples were soaked in acetone overnight for metal lift–oﬀ and were 
cleaned with acetone and IPA. An Optical microscopy of a sample after lift–oﬀ is shown in 
Figure 2.16 (b). It was observed that the mono–layer resist processing did not yield good 
lift–oﬀ. Instead, a bi–layer PMMA processing was used, and would be discussed in Chapter 
3. 
a. 
 
b. 
 
Figure 2.16: Optical microscopy of a sample patterned with EBL: (a) after re-
sist development, (b) after lift–oﬀ. Unwanted metal was found 
shorting grating features due to poor lift–oﬀ. 
2.2.11 Focussed ion beam milling 
A majority of the fabrication steps discussed so far were followed sequentially with the final 
steps being device cleaving and packaging. However, certain devices required a post–
packaging segmentation process. These devices, discussed in greater detail in chapters 5 and 
6, required an initial device characterisation and were subsequently processed further to 
split them into multiple cavities. This post–packaging segmentation process was done with 
FIB milling. 
FIB milling is a subtractive process that uses high–energy heavy ions (like gallium 
ions) to bombard sample surface and is used to pattern features. A typical FIB milling sys-
tem consists of a SEM unit with an electron-beam column and an additional ion–beam 
column. The ion–beam is used as an imaging unit as well as a milling tool. Certain FIB sta-
tions also have facility to deposit materials like platinum. A FEI Nova 200 NanoLab FIB 
workstation with a high-resolution field emission gun scanning electron microscope and a 
precision focussed ion beam source was used for all post–packaging processing. A beam 
current of 7 nA accelerated with a 30 kV acceleration voltage was used for all patterning 
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used in this project. SEM of an alignment mark patterned with FIB milling is shown in 
Figure 2.17. 
 
Figure 2.17: Scanning electron microscopy of an alignment mark patterned us-
ing FIB milling. 
2.3 Characterisation of THz QCLs 
After fabrication, the THz QCLs were characterised to study the light–current-voltage 
(LIV) as well as spectral characteristics. The LIV characteristics involve studying the emis-
sion power and voltage across the device as a function of drive current. Important device 
parameters like threshold current density, slope eﬃciency and peak power can be studied 
from LIV characteristics. Diﬀerential resistivity, which indicates band alignment process, 
can also be calculated from IV characteristics. LIV were also characterised at diﬀerent heat 
sink temperatures to analyse the maximum thermal operation of devices. The spectra were 
also recorded at diﬀerent drive currents and heat sink temperature to analyse emission be-
haviour. 
2.3.1 Experimental setup 
The optical setup required for the LIV and spectral characterisation diﬀered slightly and is 
discussed next. However, the electrical connection to the device remained unchanged dur-
ing both the characterisation technique and would be discussed in section 2.3.1.2. 
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2.3.1.1 Optical setup 
Packaged devices were mounted on a cold finger of a Janis ST-100 continuous flow cryo-
stat. Emission was collected from a polyethylene window in the cryostat. After loading 
samples, the cryostat was pumped with a turbo vacuum pump to reach 8  ×  10!! mBar and 
was then cooled with a continuous flow of He. The cryostat was attached to a Newport 
precision linear translation stage with x-y-z micrometer controller. The position controller 
allowed precise optical alignment of QCL with the detector. The cryostat heat sink temper-
ature was controlled through a Lakeshore 331 temperature controller. 
Emission was collected from cryostat using two oﬀ–axis parabolic mirrors (f/0.8 and 
f/1.0). The cryostat and the mirrors were housed in a nitrogen –purged chamber to mini-
mise absorption of THz radiation by water vapour. The collimated radiation from the par-
abolic mirrors was detected using a cryogenically (He) cooled QMC QSIB/3 bolometer-
with a Ge thermistor. The electrical resistance across the thermistor varies as a function of 
temperature, which varied according to the intensity of the emitted THz radiation. The 
detected signal was recovered using an Amtek Signal Recovery 7225 DSP lock-in amplifier. 
The responsivity of the bolometric detector was 135 kV/W at a modulation frequency of 
165 Hz [142]. Since radiation from the QCL was collimated and detected directly by the 
bolometer, this setup was used for analyse LIV behaviour and absolute power emission 
from QCL devices. 
The absolute power emitted from the devices were characterised using a pressure 
transducer based detector system, Thomas Keating Absolute Terahertz Power Meter. The 
absolute power detection scheme required a diﬀerent modulation frequency than the bolo-
metric detection. A square wave of 30 Hz was used during the measurement of the absolute 
power. The 30-Hz modulation matched the optimum responsivity of the detector [143]. 
During the spectral characterisation, a slightly diﬀerent optical arrangement was 
used. Emission from QCL device was collimated using three oﬀ–axis parabolic mirrors 
(f/1.0). Spectra were measured in a rapid scan mode using a Bruker Optics IFS66/V Fouri-
er transform infra-red (FTIR) spectrometer with a resolution of 0.25 cm-1 (7.5 GHz). The 
spectral characterisation setup used the same bolometric detection and hence required a 
165 Hz modulation signal. 
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2.3.1.2 Electrical setup 
An ISO-TECH GFG-8216A function generator was used to generate square waves to 
match the responsivity of the detector and was used to synchronise the electrical circuit 
driving the QCL as well as the DSP lock-in amplifier. The function generator output was 
set as either 165 Hz or 30 Hz square waves for bolometric detection or absolute power 
reading respectively. 
An Agilent 8114A 100 V/2 A pulse generator was used to drive the QCL device at a 
repetition rate of 10 kHz with 2% duty cycle (or a pulse width of 2 µs). Since THz QCLs 
are driven in reverse bias, a negative current pulse train was used. The small duty cycle en-
sured eﬃcient thermal extraction from the devices. The current pulses were gated with the 
square pulses from the function generator to match the detector responsivity. The pulse 
generator was operated in two modes – with a 50 ΩΩ load delivering a maximum drive cur-
rent of 2 A and a high impedance load capable of delivering a maximum drive current of 
4 A.  
The output from the pulse generator was connected to an AVTECH Electrosystems 
AVX-MRB5 transformer, which was used during the high current operation to reduce un-
wanted oscillations in the pulse generator signal. The high current mode was used during 
the characterisation of devices with frequency selective gratings and devices with long cavi-
ties. In both cases, a higher threshold current was required. 
The output of the pulse generator (or the transformer, during high current measure-
ments) was connected to the cryostat input through an inductive loop current probe. The 
current loop was terminated with a matched 50 ΩΩ load and was connected to channel 1 of 
a four–channel Agilent InfiiVision 3000-X digital storage oscilloscope. Current to the de-
vice was measured as a proportional voltage in the current loop (i.e. 1 V = 1 A). The voltage 
across the QCL was measured through a 50 ΩΩ ‘sense’ circuit and was connected to a diﬀer-
ent channel (channel 2) in the same oscilloscope. Two channels (channel 3 and 4) were re-
dundant during operation of a standard QCL device, however, they were used extensively 
during multi–segment device characterisation, and would be discussed in chapters 4, 5 and 
6. 
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The oscilloscope, the lock-in amplifier and the temperature controller were connected 
to a PC through a data acquisition system using GPIB connections. LIV were recorded us-
ing a National Instruments LabView instrument panel. The laser drive current from the 
pulse generators was varied incrementally at a particular heat sink temperature. The corre-
sponding voltage across the device (from sense circuit) and power from the lock–in amplifi-
er were tabulated and saved in a text file. Spectra were acquired using a dedicated software 
OPUS. Schematic diagram of the experimental setup used for the LIV and the spectral 
characterisation are shown in Figure 2.18 and Figure 2.19 respectively. 
 
Figure 2.18: Schematic diagram of experimental setup for characterising LIV of 
a standard QCL device. 
 
Figure 2.19: Schematic diagram of experimental setup for characterising spectra 
of a standard QCL device.  
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The characterisation techniques described were used extensively to characterise diﬀer-
ent THz QCL devices. Results from one such device are discussed in the following section. 
2.4 Experimental results from a reference device from 
L1007 
Experimental results obtained from a reference device from wafer L1007 is presented as an 
example. This wafer had the same MBE grown layers as mentioned in Table 2.1. As de-
scribed in the previous chapter, LIV performance were characterised at diﬀerent heat sink 
temperatures. LIV obtained from a device, labelled as L1007-S1-D1-T, at diﬀerent heat 
sink temperatures is shown in Figure 2.20 (a). At a heat sink temperature of 4 K, lasing was 
observed at a threshold current density of ~140 A/cm2. A maximum power emission of 
~4.5 mW was measured with the absolute power meter. With an increase in the heat sink 
temperature, the dynamic range of the device exhibited a characteristic narrowing. The de-
vice parameters, like threshold current density and peak power could be analysed further 
from the LIV characteristics obtained in Figure 2.20 (a). 
The threshold current density was plotted as a function of heat sink temperature. An 
exponential increase in threshold current was observed [Figure 2.20 (b)], and followed the 
theoretical predictions. Similarly, peak emission power was plotted as a function of the heat 
sink temperature. The emitted optical power decreased with a rise in heat sink temperature. 
The power roll–oﬀ as a function of heat sink temperature were fitted with a Boltzmann’s fit 
[Figure 2.20 (c)], as was obtained previously in ref. [144].  
Spectra from this reference device were also characterised using the setup shown in 
Figure 2.19. Multiple mode emission, characteristic of Fabry–Pérot etalons, was observed 
[Figure 2.21]. Spectra were acquired at diﬀerent drive currents with a heat sink temperature 
of 4 K [Figure 2.21 (a)]. Multi–mode emission centred at ~2.23 THz was obtained as the 
device was driven above the lasing threshold. With an increase in drive current, emission 
between 2.15–2.24 THz was observed. Spectra were also recorded at diﬀerent heat sink 
temperatures with a constant drive current of 1.14 A [Figure 2.21 (b)]. With an increase in 
heat sink temperature, the multi–mode emission spectrum gradually converged into a pre-
dominantly single mode emission at ~2.20 THz.  
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a. 
 
b. 
 
c. 
 
Figure 2.20: (a) LIV recorded from a reference device at diﬀerent heat sink 
temperatures. (b) Threshold current density obtained from fig. (a) 
is plotted as a function of heat sink temperature. (c) Peak emis-
sion power plotted as a function of heat sink temperature. All da-
ta are obtained from the device L1007-S1-D1. 
a. 
 
b. 
 
Figure 2.21: (a) Spectra obtained at various drive currents at a heat sink tem-
perature of 4 K. (b) Spectra obtained at a drive current of 1.14 A 
at various heat sink temperatures. All data are obtained from the 
device L1007-S1-D1. 
Several THz QCLs were fabricated during the course of the project. A multitude of 
such samples were used to ascertain the quality of growth of THz QCL wafers. Indeed, 
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some exemplar devices were used in various sensing applications, for e.g. the device report-
ed in ref. [145] was fabricated and characterised during the course of this project, following 
identical procedures described in this chapter. 
The characterisation techniques discussed here are generally followed throughout all 
devices reported in this thesis. In addition to these typical characterisation techniques, de-
vices were further characterised to specifically study frequency tunability, details of which 
would be discussed in the relevant chapters. 
2.5 Summary 
This chapter described the detailed processing steps used to fabricate THz QCLs with sin-
gle–metal waveguide. The fabrication includes several stages of optical photolithography 
and thin-film metal deposition. Advanced fabrication steps like EBL and FIB milling were 
also discussed. These fabrication steps were used extensively to fabricate multiple–section 
THz QCLs with frequency selective gratings. The detailed processing steps of EBL and FIB 
milling would be described in greater detail in the following chapters.  
A detailed description of the experimental setup to characterise LIV and spectra from 
a standard THz QCL was also presented. The setup for the standard THz QCL would be 
modified further to characterise multi–cavity THz QCLs simultaneously, and would be 
discussed in subsequent chapters. 
Experimentally obtained results from a reference device from wafer L1007 was also 
discussed to highlight the typical characterisation results from a THz QCL. A detailed dis-
cussion on specific characterisation techniques relevant to obtain frequency tunable THz 
QCLs would be discussed in the following chapters. 
 
 
   
 
 
   
Chapter 3   
 
THz QCLs with one–dimensional 
photonic lattice 
3.1 Photonic lattice 
Single mode (SM) emission from THz QCLs has been demonstrated using photonic lattic-
es (PLs) [146]. A PL consists of periodic engineered defects in the laser cavity. Similar to 
THz QCLs with distributed feedback (DFB) gratings, PLs in THz QCLs have been real-
ised by removing plasmonic cladding metal from the waveguide to pattern PL defect sites. 
The PLs sites have a high refractive index contrast between the ‘metallised’ and the ‘un-
metallised’ sections and are usually formed by deep etched holes or gratings [147]. How-
ever, unlike DFB gratings, PL gratings may not be etched throughout the length of the cav-
ity but can be localised and finite in number. Schematic diagram of a THz QCL cavity 
with a one–dimension PL is shown in Figure 3.1 (a). It is worth noting that unlike DFB 
lasers, optical feedback in PLs is provided by the end facet mirrors. Indeed, PLs can be clas-
sified as a one-dimensional photonic crystal. SM emission in PLs is achieved when a pho-
tonic bandgap forms in the dispersion characteristics and a Bragg resonance occurs where 
the wavelength is twice as the optical lattice constant (Λ) [128,148]. An enhanced density 
of photon states is observed around the Bragg wavelength due to this resonance and lasing 
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is favoured around the Bragg condition. The photonic bandgap in a PL can be calculated 
from its dispersion characteristics. The photonic bandgap (∆𝑓!") formed in a PL with a 
deep etched grating is shown in Figure 3.1 (b), where a ‘detuning factor’ from the Bragg 
condition (𝑓!") is plotted as a function of the propagation constant of the PL grating. The 
photonic bandgap in PLs would be discussed in greater detail in section 3.2.2. 
a. 
 
b. 
 
Figure 3.1: (a) Schematic diagram of THz QCLs cavities with PL grating. 
(b) Photonic bandgap in a one–dimensional PL with 2-µm deep 
etched unmetallised sections. 
This study investigates SM emission from THz QCLs with an integrated PL in the 
waveguide. Unlike previous demonstrations of THz QCLs with PLs, reported in ref. [146], 
in this study PLs were fabricated using electron beam lithography (EBL) and vacuum 
thermal evaporation of cladding metals. This yielded shallow etched PL gratings with re-
duced refractive index contrast between PL metallised and unmetallised sections. To com-
pensate for this reduced index contrast, the metal coverage of the PL was reduced to in-
crease the loss modulation in the PL. A successful demonstration of this shallow etched 
grating can enable PL to be fabricated by standard lithography in addition to the FIB tech-
nique reported in ref. [146]. 
This chapter discusses the modelling, design, fabrication and measurement of THz 
QCLs with PLs. PL design parameters, like grating pitch, are calculated from analytical ex-
pressions. Photonic bandgap in PLs are calculated from the variation of variation of detun-
ing factor and propagation constant of the PL. THz QCLs with PLs of diﬀerent grating 
pitches are fabricated and their spectra are compared with the simulated results.  
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3.2 Design and modelling of THz QCLs with PLs 
3.2.1 PL design parameters 
A PL is composed of periodic arrangement of two cavity sections with the cladding metal 
(forming the metallised section) and without the cladding metal (the unmetallised section), 
as illustrated in Figure 3.2. The characteristic Bragg wavelength (𝜆!") of a PL grating is de-
termined from the pitch of the grating (Λ). The Bragg wavelength of a PL is given as [149] 
𝜆!" = 2𝑛!""Λ𝑙    (3.1) 
where 𝑛!"" is the eﬀective refractive index of the grating and 𝑙 is the order of the PL. For a 
first order PL, 𝑙   = 1. 
 
Figure 3.2: Schematic diagram of longitudinal cross section of grating pitch Λ, 
comprising metallised and unmetallised sections. 
The eﬀective refractive index of the PL (𝑛!"") depends on the refractive index at the 
metallised and the unmetallised sections, and is expressed as [149] 
𝑛!""! Λ = 𝑛!"#! 𝐿!"# + 𝑛!"#! 𝐿!"#   (3.2) 
where 𝑛!"# and 𝑛!"# are the eﬀective mode index at the metallised and the unmetallised 
sections of length 𝐿!"# and 𝐿!"# respectively. The eﬀective refractive index at the metal-
lised and the unmetallised sections can be calculated using finite element modelling (FEM) 
and is discussed in section 3.2.1.1.  
The duty cycle of a PL is the ratio of 𝐿!"# and Λ and is expressed in percentage. The 
expression of duty cycle is given as 
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γ = 𝐿!"#Λ    (3.3) 
It can be seen from eq. (3.1)–(3.2), that the eﬀective refractive index of the PL, 
which is calculated from the eﬀective refractive index of the metallised and the unmetallised 
sections of the PL is central to PL performance. The contrast in refractive index and the 
variation of waveguide losses in the metallised and unmeallised sections of the PL plays a 
crucial role in the photonic bandgap or the stopband in the PL. This would be discussed in 
greater detail in section 3.2.2. In this study, the eﬀective refractive index and waveguide 
parameters in the metallised and the unmetallised sections of the PL were computed using a 
FEM technique and is described next. 
3.2.1.1 Finite element modelling of device cross sections 
This section describes two–dimensional FEM using a commercially available software 
COMSOL Multiphysics® – RF Module to compute eﬀective refractive indices at the metal-
lised and the unmetallised PL sections. This technique involved creation of a device cross–
section that corresponded to the transverse waveguide structure. The model was subse-
quently optimised to form a densely packed meshed structure in the device cross–section. 
Finally, the mesh optimised device cross–section was simulated to compute propagation 
constants for selected eigenmodes at selected frequencies. Eﬀective refractive index of a 
fundamental mode was then calculated from the computed spatial parameters. 
A THz QCL with an active region described in ref. [67] was used for this study. Ini-
tially, an FEM model of a device cross-section at the metallised section of the PL was de-
signed with a 150-µm wide and 11.7-µm thick bulk GaAs/AlGaAs active region with a uni-
form average doping of 7.5  ×  10!" cm-3. The average doping of the active region was calcu-
lated from the sheet density of the QCL active region heterostructure. A 150 nm Au con-
tact was modelled on top of the active region forming the cladding metal. A 450-µm wide 
and 700-nm-thick 𝑛!–GaAs layer doped at 5  ×  10!" cm-3 formed the buried contact layer 
under the active region. A 200-µm thick SI-GaAs substrate was modelled under the buried 
contact. The device cross–section concluded with a 150-nm thick Au layer modelled under 
the substrate. The entire structure was surrounded by air and the perimeter of the device 
cross–section was made a conducting boundary to facilitate computation. Although, THz 
QCLs with single metal waveguides were simulated, the lateral ohmic contact strips were 
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not included in the FEM model to simplify the model. The perturbative coupling between 
the lateral contacts and the active region ridge was minimised as they were separated by a 
distance of 30 µm in real devices, as was reported in ref. [150]. The device cross–section of 
FEM model at the metallised section is shown in Figure 3.3.  
a. 
 
b. 
 
Figure 3.3: Device cross–section of the metallised section modelled in 
COMSOL Multiphysics®: (a) Complete view of the model, 
(b) magnified view of the active region. 
A similar FEM model was used to simulate the unmetallised section of the PL. How-
ever, the 150-nm thick Au contact on top of the active region was removed from this mod-
el to account for the absence of cladding material at the unmetallised section. The complex 
refractive indices and the dielectric permittivity at the diﬀerent constituent layers in the de-
vice cross–sections were calculated using a UNIX based Drude model solver, OWG–
QCLSIM developed at the University of Leeds. The Drude model calculations for the ac-
tive region, the doped contact layers and cladding metal were calculated at a temperature of 
80 K, while those for the substrate and the Au soldering layer were calculated at heat sink 
temperature of 4 K. This temperature diﬀerence was included in the model, as the lattice 
temperature of a 150 µm-wide THz QCL ridge with 200 µm-thick substrate is ~80 K 
higher than the heat sink temperature [151,152]. 
Following the design of the device cross–section of the FEM, it was optimized with 
triangular mesh with maximum and minimum element size of 6 µm and 50 nm respec-
tively. The final mesh optimized cross–section of the metallised section is shown in Fig-
ure 3.4. 
60 Chapter 3. THz QCLs with one–dimensional photonic lattice 
 
 
 
Figure 3.4: Device cross–section of the metallised section of the PL modelled 
in COMSOL Multiphysics®: after triangular mesh optimisation. 
The model computed estimates of propagation constants for selected eigenmodes at 
the metallised and the unmetallised cross-sections at 2.77 THz. The complex eﬀective re-
fractive indices (𝑛!"" = 𝑛 + 𝑗𝑘) of the optical mode in the metallised and the unmetal-
lised sections were computed as 𝑛!"# = 3.62− 𝑗0.0064 and 𝑛!"# = 3.48− 𝑗0.0325 re-
spectively. The computed optical modes at both metallised and unmetallised sections are 
shown in Figure 3.5 (a, b). The optical mode in the metallised section exhibits a typical 
mode profile in THz QCLs with single metal waveguides [66]. The optical mode is pinned 
to the surface plasmon formed at the interface of the 150-nm thick Au layer and the active 
region at the top, and at the 700-nm thick buried 𝑛–doped layer. A significant portion of 
the mode decays into the substrate, typical in THz QCLs with single metal waveguide. The 
confinement of the optical mode in the gain region (Γ) was calculated from the ratio of 
power integral in the active region over the power integral in the entire cross–section. A 
confinement factor (Γ!"#) of ~30% was observed at the metallised section.  
The mode profile changed significantly in the unmetallised section [Figure 3.5 (b)]. 
Since the top cladding metal was etched away in this section, the optical mode is supported 
only at the buried 𝑛–doped layer. Hence, the mode penetration in the substrate is greater 
than in the metallised sections, with a confinement factor (Γ!"#) of  ~2%.  
a. 
 
b. 
 
 Figure 3.5: Computed optical mode at 2.77 THz using FEM. Contour of 
power distribution is plotted at: (a) metallised and 
(b) unmetallised sections.  
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The waveguide losses at the device cross–sections (𝛼!") were calculated from the im-
aginary part of the computed eﬀective refractive index (𝑘) using the following expression: 
𝛼!" = 4𝜋𝑘𝜆    (3.4) 
where 𝜆 is the free space wavelength used in the mode computation. The waveguide losses 
at the metallised and unmetallised sections were calculated as 𝛼!",!"# = 7.50 cm-1 and 𝛼!",!"# = 38.12 cm-1 respectively. An index modulation ∆𝑛 = 𝑛!"# − 𝑛!"# = 0.17 and 
a loss modulation ∆𝛼!" = 𝛼!",!"# −   𝛼!",!"# = 30.62  cm-1 was calculated from the 
simulated results. 
The parameters derived from the FEM simulation were used to calculate the band-
width of the stopband, and is described next. 
3.2.2 Stopband in a PL 
As previously noted, PLs, like DFBs, have periodic perturbations in the refractive in-
dex or waveguide losses, or a combinations of both. Waves propagating in such a wave-
guide experience Bragg scattering at the periodic sites and light is scattered between two 
counter propagating ‘forward’ and ‘backward’ waves in the cavity. This scattering or ‘cou-
pling’ of light between the counter propagating waves is essential for SM emission and the 
formation of a photonic bandgap or a stopband in PLs. The stopband in a periodic struc-
ture like a PL is calculated from coupled mode theory, which describes the coupling be-
tween the forward and backward waves [106]. The stopband resulting from such periodic 
structures can be calculated from the phase of the propagating electric fields. The solutions 
to such coupled propagating electric fields typically yield multiple solutions for the forward 
and backward wave respectively. The phase factors of such coupled solutions are given 
as [106], 
𝛽! = 𝛽!" ± 𝛿! − 𝜅!   (3.5) 
where 𝛽!" is the ‘propagation constant’ at the Bragg condition, 𝛿 is the ‘detuning param-
eter’ and 𝜅 is the ‘coupling coefficient’ between the propagating modes. 
The propagation constant at the Bragg condition defined by eq. (3.1) is expressed 
as [106] 
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𝛽!" = 𝑙𝜋Λ    (3.6) 
where 𝑙 is the order of the PL.  
The detuning parameter measures the diﬀerence between the oscillating frequency 
and the Bragg frequency (𝑓!" = 𝑐/𝜆!") and is expressed as [106,108]: 
𝛿 ≡ 𝛽 − 𝛽! = 2𝜋 𝑓 − 𝑓!"𝑣!      (3.7) 
where 𝛽 is complex propagation constant and 𝑣! is the group velocity. The complex propa-
gation constant is expressed as [106], 
𝛽 = 2𝜋𝑛!""𝜆 + 𝑗 𝑔 − 𝛼!"2    (3.8) 
where 𝜆 is the wavelength, 𝑔 is the transverse modal gain and 𝛼!" is the waveguide loss in 
the grating, of pitch Λ. The group velocity is calculated from the group refractive index 
(𝑛! = 𝑐/𝑣!), which is measured from Fabry–Pérot mode spacing (Δ𝜈). In a waveguide of 
length 𝐿!  is the group refractive index is given as [153] 
𝑛! = 𝑐2𝐿!Δ𝜈   (3.9) 
The Bragg scattering and the coupling between the forward and backward waves is 
quantified by the coupling coeﬃcient [108]. The coupling coeﬃcient in a PL is calculated 
from the variation in the refractive index (Δ𝑛!"") and waveguide loss (Δ𝛼!") in the metal-
lised and unmetallised sections of the PL and is given by the following expression [106] 
𝜅   = 𝑛!𝑛!"" 𝜋Λ   Γ!"" Δ𝑛!"" + 𝑗.Δ𝛼!"2𝑘!    (3.10) 
where  Γ!"" is the optical confinement in the PL and 𝑘! is the free space propagation con-
stant. 
𝑘! = 2𝜋𝜆    (3.11) 
When the detuning factor, 𝛿, is plotted as a function of the propagation constant, 𝛽!, the stopband of the PL (Δ𝑓!") is observed [Figure 3.6]. The coupled forward and 
backward waves result in a characteristic stopband centred at the Bragg frequency (𝑓!") and 
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the propagation constant of the PL (𝛽!). The bandwidth of the stopband can be estimated 
from the gap in the dispersion curve shown in Figure 3.6. In a purely index coupled PL, 
the bandwidth of the stopband is given as [106,149]: 
Δ𝑓!" = 𝜅𝑣!𝜋 = 𝜅𝑐𝜋𝑛!   (3.12) 
The spatial intensity distribution in a periodic structure like PL can be calculated 
from a dimensionless parameter called the ‘coupling strength’ [108], which can be calcu-
lated by multiplying coupling constant,  𝜅, with the length of the grating (𝑁𝛬, where 𝑁 is 
the number of grating repetitions). A uniform spatial distribution is achieved in a PL with 
coupling strength in the range of 1–2, which is referred to as a ‘critical coupling’ [108]. 
 
Figure 3.6: Dispersion curve in a PL. The detuning factor is plotted as a func-
tion of the propagation constant. A stopband is observed centred 
at Bragg frequency. 
For this work, PLs were designed using the design parameters given in eq. (3.1)–(3.3) 
and the stopband behaviour modelled using the coupled mode theory. The detailed design 
steps are discussed next for a PL with Bragg frequency at 2.80 THz.  
3.2.3 Designing a PL with Bragg frequency at 2.80 THz 
In this section the steps followed to design a PL is discussed. All PLs discussed in this thesis 
followed the same general design procedure. 
The first step to design a PL involves the selection of an appropriate Bragg frequency 
and the simulation of the eﬀective refractive indices at the metallised and unmetallised sec-
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tions of the PL. In this case, the PL was designed with a Bragg frequency 𝑓!" at 2.80 THz 
(corresponding to a Bragg wavelength 𝜆!" = 107.14 µm). The eﬀective refractive indices 
computed from FEM simulation in section 3.2.1.1 were considered for this design. A PL 
with a grating duty cycle of 40% was chosen for this study because a low metal coverage in 
a PL increases the waveguide loss. 
The pitch of the PL was calculated by substituting the values of 𝐿!"# , 𝐿!"#  [ex-
pressed in terms of the duty cycle (γ)] and Λ to eq. (3.1) and (3.2) and is simplified in the 
following expression: 
Λ = 𝜆!" 21− γ .𝑛!"#! + γ.𝑛!"#!    (3.13) 
A grating pitch Λ = 15.14  µm was calculated after substituting 𝑛!"# = 3.62 , 𝑛!"# = 3.48, γ = 0.40 and 𝜆!" = 107.14 µm into eq. (3.13).  
The eﬀective refractive index, 𝑛!"" = 3.53 µm was calculated from eq. (3.2). The 
coupling constant of the PL was calculated from eq. (3.10) as 𝜅 = 25.76 cm-1. For a PL 
with 35 repetitions, the coupling strength was calculated as 𝜅(35×Λ) = 1.36, within the 
critical range of 1–2 [108], suggesting a power distribution localised in the centre of the 
cavity where the PL is deposited. 
The gain 𝑔 in the active material was calculated as 27.5 cm-1 using a UNIX based 
software package QCLSIM developed at the University of Leeds, for the active region de-
sign of the QCL material reported in ref. [67]. The calculated value agrees well with an ex-
perimentally calculated gain for a similar active region, reported in ref. [154]. Waveguide 
losses were calculated from the imaginary part of eﬀective refractive index [eq. (3.4)]. 
The stopband in the PL was simulated from the dispersion curve following the same 
procedure as described in section 3.2.2, and is shown in Figure 3.7. The bandwidth of the 
stopband was calculated as ~90 GHz from the dispersion curve. 
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Figure 3.7: Simulated stopband in a PL with a Bragg frequency at 2.80 THz. 
The bandwidth of the stopband was calculated as ~90 GHz. 
3.2.4 Final PL designs 
Following similar design principles, a set of THz QCLs with PLs was designed with diﬀer-
ent 𝑓!". The stopband of the devices was calculated as ~90 GHz with emission predicted at 
either side of the stopband. A list of the PL designs used for this study is tabulated in 
Table 3.1. The QCL active region design used for this study had a gain bandwidth from 
2.70–2.85 THz. Hence, the Bragg frequency of the PLs were deliberately selected such that 
the stopband edges were within the gain bandwidth of the active region. Emission was pre-
dicted by comparing the edge of the stopband and the gain bandwidth of the QCL active 
region.  A grating duty cycle of 40% was used for all the devices. 
Table 3.1: List of designed THz QCLs with PLs. 
𝑓!" 
(THz) 
𝜆!" 
 (µm) 
Λ 
 (µm) 
𝐿!"# 
 (µm) 
𝐿!"# 
 (µm) 
Predicted 
emission 
(THz) 
2.77 108.30 15.31 6.12 9.19 2.815 
2.80 107.14 15.14 6.06 9.08 2.760 
2.81 106.76 15.09 6.04 9.05 2.765 
2.82 106.38 15.04 6.02 9.02 2.775 
2.84 105.63 14.93 5.97 8.96 2.795 
2.88 104.16 14.72 5.89 8.83 2.835 
As discussed earlier, a major objective of this study was to investigate the possibility 
of fabricating PLs using lithography and vacuum thermal evaporation of cladding metal, 
and is discussed next.  
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3.3 Fabrication 
Single metal waveguides were used in this study for the fabrication of THz QCLs with PLs. 
All devices processed in this study were derived from wafer labelled ‘L701’, which had a 
bound-to-continuum active region similar to the one reported in ref. [67]. The wafer was 
grown on a semi-insulating (SI) GaAs wafer using molecular beam epitaxial (MBE) tech-
nique at the MBE Laboratory, University of Leeds, UK. Growth started with a 250-nm 
thick GaAs buﬀer layer, and a 300-nm thick Al50Ga50As etch stop layer grown on top of the 
SI–GaAs substrate. A 700-nm thick 𝑛-doped GaAs layer doped with Si at 2×10!" cm-3 was 
grown next, which formed a buried contact layer. This was followed by 90 repetitions of 
the active-region layers. Growth was concluded with an 80-nm thick GaAs layer 𝑛-doped 
with Si at 5×10!"  cm-3. The active region layer structure of the wafer is tabulated 
in Table 3.2. 
Samples from wafer L701 were processed following identical fabrication steps used 
for THz QCLs with standard single metal waveguides, as described in section 2.2. Top 
ohmic contact and cladding metal were deposited following identical procedures, as de-
scribed for standard THz QCLs, but with a diﬀerent mask set. The mask used for the depo-
sition of top ohmic contact and cladding metal used in this study had a break at the centre 
of the cavity. The ohmic contact at the top was not deposited on the central section delib-
erately to simplify the EBL processing steps. An illustration and optical microscopy of fab-
ricated devices after deposition of segmented top ohmic contact and cladding material are 
shown in Figure 3.8. PL gratings were subsequently deposited at the central gap section af-
ter etching away the top 𝑛–doped layer, as illustrated in Figure 3.1 and Figure 3.2. 
After the deposition of the cladding Ti/Au metal films, the 𝑛–doped top contact lay-
er was etched away from the central section. An aqueous solution of wet chemical etchant 
of H2SO4, H2O2 and H2O mixed in the ratio 1:8:1280 by volume was used for the etching. 
Typical etch rate of the etchant solution was ≈31 nm/min. The sample was cleaned with 
oxygen plasma after the top contact layer etching and was patterned with EBL to form the 
PL gratings. 
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Table 3.2: MBE layer growth structure of L701. 
Layer 
Material 
Thickness 
(nm) 
Doping 
(cm-3) Comments III-V 
Material Composition 
1 GaAs - 250 - Buﬀer layer 
2 AlGaAs Al50Ga50As 300 - Etch stop layer 
3 GaAs - 700 2 x 1018 Bottom contact 
4 AlGaAs Al15Ga85As 3.8 -  
5 GaAs - 11.6 -  
6 AlGaAs Al15Ga85As 3.5 -  
7 GaAs - 11.3 -  
8 AlGaAs Al15Ga85As 2.7 -  
9 GaAs - 11.4 3.2 x 1016  
10 AlGaAs Al15Ga85As 2.0 -  
11 GaAs - 12.0 3.2 x 1016  
12 AlGaAs Al15Ga85As 2.0 -  
13 GaAs - 12.2 -  
Start of 90 period repeat 
14S1 AlGaAs Al15Ga85As 1.8 -  
15S1 GaAs - 12.8 -  
16S1 AlGaAs Al15Ga85As 1.5 -  
17S1 GaAs - 15.8 -  
18S1 AlGaAs Al15Ga85As 0.6 -  
19S1 GaAs - 9.0 -  
20S1 AlGaAs Al15Ga85As 0.6 -  
21S1 GaAs - 14 -  
22S1 AlGaAs Al15Ga85As 3.8 -  
23S1 GaAs - 11.6   
24S1 AlGaAs Al15Ga85As 3.5 -  
25S1 GaAs - 11.3   
26S1 AlGaAs Al15Ga85As 2.7 -  
27S1 GaAs - 11.4 3.2 x 1016  
28S1 AlGaAs Al15Ga85As 2.0 -  
29S1 GaAs - 12.0 3.2 x 1016  
30S1 AlGaAs Al15Ga85As 2.0 -  
31S1 GaAs - 12.2 -  
End of 90 period repeat 
32 GaAs - 80 5 x 1018 Top contact 
 
Although, the PL gratings could be patterned using optical photolithography, EBL 
was used for processing flexibility. PLs with diﬀerent grating pitch could be patterned with 
EBL by simply changing the feature sizes, without the need for a chrome mask. A bi-layer 
PMMA process was used for the EBL to facilitate metal lift-oﬀ. Initially, a layer of EBL re-
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sist PMMA® 495 A8 was spun at 3000 rpm for 40 seconds. The resist was baked in a tem-
perature-controlled hot plate for 2 minutes at a temperature of 170°C. A second layer of 
EBL resist PMMA® 950 A4 was spun subsequently at two stages – initially at 2000 rpm for 
15 seconds, followed by 5000 rpm for 40 seconds. The bi-layer resist was baked in a in a 
temperature-controlled hot plate for further 2 minutes at a temperature of 170°C. The 
same Leo-Raith 50 EBL workstation described in section 2.2.10, was used to write the PL 
grating patterns. The PL gratings were designed using a CAD editor in a GDSII format and 
were patterned with a beam spot size of 250 and a dose of 200 µAs cm-2. The samples were 
developed in a solution of MIBK and IPA premixed at a volume ration of 1:3 for one mi-
nute. Optical microscopy of samples after EBL resist development is shown in Fig-
ure 3.9 (b, c). 
a. 
 
b. 
 
Top ohmic contact deposition 
c. 
 
d. 
 
Ti/Au cladding metal deposition 
Figure 3.8: (a) Illustration and (b) optical microscopy from a fabricated device 
after top ohmic contact deposition with a central gap. 
(c) Illustration and (d) optical microscopy of a fabricated device 
after deposition of Ti/Au cladding metal with a central gap. 
A 20-nm thick layer of Ti and a 100-nm thick layer of Au were deposited after EBL 
patterning with identical procedures followed during the deposition of the cladding metal. 
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After the vacuum thermal evaporation, the metal was lifted oﬀ using acetone. Optical mi-
croscopy of a sample after metal lift oﬀ is shown in Figure 3.10. It was observed that the 
grating features patterned in the devices deviated from the original PL design by a few tens 
of nanometres. This was later ascribed to minor aberrations in the beam focussing and write 
field alignment procedures. Fabrication then continued as described in section 2.2.	  
a. 
 
b. 
 
c. 
 
Figure 3.9: (a) Illustration of a PL grating deposited at the central gap. 
(b) Optical microscopy from a fabricated device after the devel-
opment of resist following EBL patterning of PL grating. 
(c) Magnified view after the development of EBL resist. 
a. 
 
b. 
 
Figure 3.10: (a) Optical microscopy from a fabricated device after development 
of resist following EBL patterning of PL grating. (b) Magnified 
view. 
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A list of fabricated devices with PL grating parameters is listed in Table 3.3. Two sets 
of devices [Devices 3C and 3D] and [Devices 3G and 3H] were fabricated with the same 
PL dimensions with 𝑓!" at 2.81 and 2.88 THz respectively. 
After fabrication, devices were characterised to analyse the spectral and electrical be-
haviour, and is discussed in the next section. 
Table 3.3: List of fabricated THz QCLs with PLs. 
Device 
number 
Unique 
Device ID 
𝑓!"   
(THz) 
𝜆!"   
 (µm) 
Λ  
 (µm) 
𝐿!"#  
 (µm) 
𝐿!"#  
 (µm) 
3A L701-S10-D1-T 2.77 108.30 15.31 6.12 9.19 
3B L701-S4-D1-B 2.80 107.14 15.14 6.06 9.08 
3C 
3D 
L701-S5-D1-T 
L701-S10-D1-B 2.81 106.76 15.09 6.04 9.05 
3E L701-S11-D2-SM 2.82 106.38 15.04 6.02 9.02 
3F L701-S5-D2-T 2.84 105.63 14.93 5.97 8.96 
3G 
3H 
L701-S4-D2-B 
L701-S10-D2-T 2.88 104.16 14.72 5.89 8.83 
 
3.4 Experimental results 
The devices were operated in pulsed mode using the experimental setup described in sec-
tion 2.3.1. Data from reference devices were also recorded, which facilitated a comparison 
of device performance and are discussed first. 
3.4.1 Results from reference devices 
Reference devices with a single metal waveguide and no PL from the same wafer, L701, 
were characterised to establish electrical [light-current-voltage (LIV)] and spectral behav-
iour of the wafer. Emission with multiple FP modes from 2.70–2.85 THz was observed in 
all reference devices. Spectra from a 3.1 mm long device are shown in Figure 3.11. It was 
observed that lasing was favoured at higher frequency regions (> 2.78 THz) at the start of 
the dynamic range [Figure 3.11 (a)]. A similar behaviour was also observed at higher heat 
sink temperatures [Figure 3.11 (b)]. 
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a. 
 
b. 
 
Figure 3.11: Spectra obtained from a reference device labelled L701-S2-B. 
(a) Spectra obtained at diﬀerent drive currents with a heat sink 
temperature of 4 K. (b) Spectra obtained at diﬀerent heat sink 
temperatures with a drive current of 1.96 A. 
The LIV characteristics obtained from the same device at a heat sink temperature of 
14 K are shown in Figure 3.12 (a). A peak power of ~11 mW and a threshold current den-
sity of ~200 A/cm2 was observed at heat temperature of 14 K [Figure 3.12 (b)]. The thresh-
old current density exhibited an exponential increase with heat sink temperature, typical in 
THz QCLs. The maximum operating temperature for this wafer was in the range of 80–
85 K. All devices from L701 exhibited similar characteristics, as presented here.  
a.  b.  
 
 
 
Figure 3.12: (a) LIV characteristics from a reference device labelled L701-S2-B 
at a heat sink temperature of 14 K. (b) Threshold current density 
is plotted as a function of heat sink temperature for the same ref-
erence device. 
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3.4.2 Results from THz QCLs with PLs 
Emission from each of the fabricated devices was recorded at diﬀerent drive currents with a 
heat sink temperature of 4 K. Observed emission was compared with the Bragg frequency 
and the estimated stopband calculated from the grating pitch measured in real devices. The 
following section describes the observed spectral characteristics. 
3.4.2.1 Spectral characterisation 
The emission spectrum recorded from one of the fabricated devices (device 3B) with 𝑓!" = 2.80 THz is shown in Figure 3.13 (a). Emission was predicted at the edge of the 
stopband at ~2.76 THz [Table 3.1]. Although, the PL for this device was designed with Λ = 15.14 µm and 𝐿!"# = 6.06 µm, the PL patterned on the real device was observed to 
have a grating pitch Λ = 15.13 µm and 𝐿!"# = 6.05 µm. The PL pitch on the sample 
diﬀered from the design by ~10 nm. The Bragg frequency of the PL patterned on the device 
was calculated as 𝑓!" = 2.804 THz. A SM emission at ~2.76 THz was observed at all drive 
currents. It is observed that the emission is at the edge of predicted stopband 
[Figure 3.13 (b)]. The stopband was calculated as ~86 GHz from the diﬀerence between 
the Bragg frequency and emission frequency, and agrees closely with the simulated stop-
band of ~90 GHz. 
a. 
 
b. 
 
Figure 3.13: (a) Spectra obtained from device 3B with 𝑓!" = 2.80  THz. 
(b) The emission was observed at the edge of the stopband. 
Spectra were similarly acquired from two other devices (devices 3G and 3H), both 
with a similar grating pitch ( Λ = 14.72  µm, 𝐿!"# = 5.89  µm) designed at 𝑓!" =2.88 THz [Figure 3.14 (a, c)]. Emission from both the devices was predicted at the edge of 
the stopband at ~2.835 THz [Table 3.1]. In both the devices the actual grating pitch that 
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was patterned on the sample was measured to be Λ = 14.72 µm with 𝐿!"# = 5.91 µm. 
Emission at ~2.79 THz was observed from each of the two devices. While the emission was 
predominantly single mode, at higher drive currents a second mode was observed at 
~2.82 THz. Emission frequency was compared with the predicted stopband 
[Figure 3.14 (b, d)]. It was observed that the primary mode (2.79 THz) was beyond the 
band edge of the stopband and the secondary mode was at the band edge of the stopband. 
This eﬀectively demonstrates that emission is possible beyond the stopband edge if there is 
suﬃcient gain bandwidth. This behaviour was exploited in a PL design and would be dis-
cussed in section 6.3.1.2. 
a. 
 
b. 
 
Device 3G 
c. 
 
d. 
 
Device 3H 
Figure 3.14: Spectra obtained from devices: (a) 3G and (c) 3H, both with 𝑓!" = 2.88 THz. (b, d) The emission was observed at the edge of 
the stopband. 
Repeatability of device performance was also tested from two devices (devices 3C and 
3D) both with a similar grating pitch (Λ = 15.09 µm, 𝐿!"# = 6.04 µm) designed at 𝑓!" = 2.81 THz [Figure 3.15 (a, c)]. Emission was predicted at the edge of the stopband 
at ~2.765 THz [Table 3.1]. In both the devices the actual grating pitch was measured to be Λ = 15.08 µm with 𝐿!"# = 6.05 µm. The emission from both the devices was observed at 
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~2.765 THz. In both the devices, emission frequency was observed at the edge of the pre-
dicted stopband, as in Figure 3.13 and Figure 3.14. Thus, an identical behaviour could be 
replicated from two devices with a similar grating pitch.	  
a. 
 
b. 
 
Device 3C 
c. 
 
d. 
 
Device 3D 
Figure 3.15: Spectra obtained from devices: (a) 3C and (c) 3D both with 𝑓!" = 2.81 THz. (b, d) The emission was observed at the edge of 
the stopband. 
A similar spectral measurement was carried out on three more devices (devices 3F, 
3A and 3E) with designed grating pitches of Λ = 14.93, 15.31, 14.93  µm and 𝐿!"# =5.97, 6.12, 6.02 µm, corresponding to a Bragg frequency 𝑓!" = 2.84, 2.77, 2.82 THz re-
spectively. Emission was predicted at the edge of the stopband at ~2.795, 2.815 and 
2.775 THz for devices 3F, 3A and 3E respectively [Table 3.1]. A SM emission was ob-
served at 2.79, 2.82 and 2.76 THz from the three devices respectively [Figure 3.16]. 
The grating pitches at the devices 3F, 3A and 3E were measured as Λ = 14.92, 15.30, 15.08  µm and 𝐿!"# = 5.97, 6.12, 6.03  µm respectively. The device 
3E, unintentionally, had a similar grating pitch as the devices 3C and 3D shown in 
Figure 3.15. However, the width of the metallised section in this device was greater than 
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the devices 3C and 3D by ~20 nm. This resulted in a diﬀerent emission frequency at 
2.759 THz, as compared to the emission from the other two devices [Figure 3.15], which 
lased at 2.765 THz respectively. This is in agreement with the theory that fine changes in 
emission frequency can be observed by simply changing the duty cycle of the grating with 
an identical pitch. Such an observation was also reported for THz QCLs with DFBs in 
ref. [124]. 
a. 
 
b. 
 
Device 3F 
c. 
 
d. 
 
Device 3A 
e. 
 
f. 
 
Device 3E 
Figure 3.16: Spectra obtained from devices: (a) 3F [𝑓!" = 2.84 THz] (c) 3A 
[𝑓!" = 2.77 THz] (e) 3E [𝑓!" = 2.82 THz]. (b, d, f) Emission 
was observed at the edge of the stopband. 
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Another interesting result was observed in the device 3A. The emission in this device 
was observed at the stopband edge at the higher frequency, while those at all other devices 
were observed at the stopband edge at the lower frequency. The stopband in this device was 
at the centre of the gain bandwidth (2.77 THz). Hence, lasing could be favoured at either 
edge of the stopband. 
A summary of the device performance from all devices is presented in Figure 3.17. 
The Bragg frequency calculated from the grating pitch measured in real devices and the cor-
responding stopband edges are also plotted. Emission is always observed beyond the stop-
band edge in all devices. The stopband width estimated from the diﬀerence between emis-
sion frequency and Bragg frequency in all devices is ~86–89 GHz, and agrees well with the 
simulated stopband width of ~90 GHz calculated from dispersion curve [Figure 3.7]. 
 
Figure 3.17: Summary of emission frequency for all devices as a function of 
grating pitch measured in real samples. The Bragg frequency and 
the stopband edges calculated from the grating pitch are also 
shown. Multiple mode emission is shown as black and red trian-
gles. Emission is always observed beyond the stopband edge. 
Multiple devices were tested with grating pitch at Λ =14.72  &  15.08 µm. 
The side mode suppression ratio (SMSR) of the emission spectrum in all devices was 
observed at more than 20 dB. The SMSR from the device 3A is shown in Figure 3.18 (a) 
for all drive currents. The emission peaks also exhibited a temperature tuning of~2 GHz 
with an increase in the heat sink temperature. The temperature tuning of the lasing mode 
from one of the devices, device 3H, is shown in Figure 3.18 (b). 
Chapter 3. THz QCLs with one–dimensional photonic lattice 77 
 
   
a. 
 
b. 
 
Figure 3.18: (a) Spectra from device 3A. A SM emission with an SMSR of 
more than 20 dB was observed. (b) Spectra from device 3H: with 
a drive current of 3.24 A at diﬀerent heat sink temperatures. 
3.4.2.2 Electrical characteristics 
LIV characteristics were obtained from devices with PLs at diﬀerent heat sink temperatures. 
LIV characteristics from an exemplar device; device 3H is shown in Figure 3.19 (a). A low-
er optical power was observed from all devices with PLs. A peak emission power in the 
range of 0.8-2 mW was observed from devices with PL, compared to ~11 mW of peak 
emission power observed from reference devices. This was expected due to the lower duty 
cycle of the PLs and the higher waveguide losses used in the design. Increasing the grating 
duty cycle could increase the emission power but would reduce the coupling in the PL. The 
devices with PLs also exhibited a lower maximum operating temperature for similar rea-
sons. The maximum operating temperature in the devices with PLs were in the range of 
45–65 K, lower than the ~85 K operation from reference devices. 
The threshold current density also exhibited an increase due to the increased wave-
guide losses. The LIV shown in Figure 3.19 (a) was acquired using the high current mode 
of the pulse generator, which resulted in oscillations in current pulses. These oscillations 
can reach the lasing threshold for a fraction of the pulse duration even though the steady 
state current is below the lasing threshold. This manifests as a low power emission in the 
LIV characteristics, as is observed in between ~170–340 A/cm2 (emission power <0.2 mW) 
in Figure 3.19 (a). Hence, the real threshold current density may be an underestimation by 
studying Figure 3.19 (a). Instead, threshold current observed from a diﬀerent device (device 
3A) is presented in Figure 3.19 (b), where the pulse generator was driven in low current 
mode. A comparison with the threshold current observed in reference devices 
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[Figure 3.12 (b)], would reveal the increase in threshold current in devices with PLs. This 
corresponds well with the reduction in emission power and operating temperature. 
a.  b.  
 
 
 
Figure 3.19: (a) LIV characteristics from the device 3H obtained at different 
heat sink temperatures. (b) Threshold current density from device 
3A plotted as a function of heat sink temperature. 
3.5 Summary 
Single mode emission from THz QCLs with lithographically fabricated PLs was investi-
gated in this study. This technique allowed easier fabrication compared to post-packaging 
etching of PL gratings. The eﬀective refractive mode index at the metallised and the unmet-
allised PL sections were computed using finite element modelling. The stopband behaviour 
of PLs were modelled using the coupled mode theory. A series of PL gratings were designed 
using established analytical techniques. The bandwidth of the stopband in the designed PLs 
were calculated to be ~90 GHz with emission favoured at the edge of the stopband.  
THz QCLs were fabricated with single metal waveguides. EBL was used to deposit 
PL gratings on to a central section of the ridge waveguide. The top 𝑛–doped contact layer 
in the central section was etched away using wet chemical etchants. The grating features 
were oﬀset by about ~10–20 nm from the designed dimensions due to minor aberration in 
beam focussing. 
Single mode emission was observed in all devices, with emission at the edge of the 
predicted stopband. Emission was also observed away from stopband edge by careful selec-
tion of Bragg frequency with respect to gain bandwidth of active region design. Stopband 
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was experimentally determined to be around ~86–89 GHz and agreed well to the simulated 
value. 
The fabricated PLs with a low grating duty cycle increased the waveguide losses due 
to a lower confinement of radiation in the gain medium. This degraded device parameters 
such as the threshold current density, the emitted power and the operating temperature. 
The degradation in device performance can be improved by using PLs with higher duty cy-
cles. 
An understanding of the operation of THz QCLs with PLs led to a series of experi-
ments investigating frequency tunability from such devices by controlling depletion of car-
riers in the cavity, and is discussed in greater detail in the following chapter. 
 
   
 
 
   
Chapter 4   
 
Three–section THz QCLs with electri-
cally-controlled photonic lattices 
4.1 Introduction 
Single mode (SM) emission from terahertz (THz) quantum cascade lasers (QCLs) using a 
one–dimensional photonic lattice (PL) has been described in the previous chapter. SM 
emission from THz QCLs is desired for a plethora of applications like atmospheric observa-
tion and self–mixing sensing, as discussed in the previous chapter. However, frequency 
tunable THz QCLs with stable SM emission are similarly highly desirable for a range of 
applications, including gas spectroscopy [4] and spectroscopic imaging [155,156]. Such 
tunable QCLs would also find application in sensing techniques like self–mixing interfer-
ometry [157,158]. 
Continuous frequency tunable optical lasers have been demonstrated with distributed 
feedback reflectors (DBRs) [159–162]. These lasers feature multiple cavity sections with a 
DBR at the rear of the cavity and a gain section at the front. A phase matching section is 
incorporated between the DBR and gain sections, which enables phase matching between 
the two sections [106]. Frequency tuning in these lasers is obtained by varying the refrac-
tive index at the phase matching and DBR sections, which is usually achieved by varying 
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the current at these sections. The optical DBR lasers have been further modified to incorpo-
rate sampled grating DBRs (SG–DBRs) at both ends of the laser cavity [163–166]. The 
SG–DBRs have a spatial square grating which is convoluted with the standard DBR design. 
The SG–DBR gratings at both ends are engineered such that the reflectivity of the DBR 
sections are closely spaced and are aligned at a particular frequency. Frequency tuning is 
achieved by varying the current at the SG–DBR and phase matching sections. Frequency 
tunable mid–IR QCLs with SG–DBRs have been recently demonstrated [110,167]. 
These multiple–cavity lasers can also feature additional cavity sections like semicon-
ductor optical amplifier, or electro-absorption (EA) or Mach-Zehnder modulators. A sche-
matic diagram of such a multiple cavity laser is shown in Figure 4.1. The tuning mecha-
nism in these lasers follows discrete Vernier selection. Yet another technique of achieving 
frequency tuning in optical lasers has been demonstrated by using quantum confined stark 
eﬀect [168]. In this technique, a reverse bias is applied to change the refractive index by 
shifting excitonic absorption peaks.  
 
Figure 4.1: Schematic diagram of a single-chip optical laser with SG–DBRs on 
either side of gain section. Phase between the SG–DBRs and the 
gain section is controlled through a phase matching section. A 
semiconductor optical amplifier and an EA modulator are inte-
grated in the chip for amplification and modulation of the emit-
ted radiation. Light is collected from the direction marked with 
an arrow. Figure taken from ref. [165]. 
Frequency tunable semiconductor optical lasers or mid–IR QCLs operate by varying 
temperature dependent material refractive index. However, the material refractive index 
also depends on the frequency and at THz frequencies the change in material refractive in-
dex with temperature is two orders of magnitude order lower than in near–IR frequen-
cies [169].  Moreover, the cryogenic operation of THz QCLs further limits the change in 
refractive index with temperature. Due to the inherent limitations of THz QCLs, wide 
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band frequency tunable THz QCLs with temperature dependent tuning have not yet been 
demonstrated. 
The following section describes the various techniques that have been adopted to ob-
tain frequency tunable THz QCLs. 
4.1.1 Frequency tunable THz QCLs 
Frequency tunability in THz QCLs has been demonstrated using diﬀerent techniques in-
cluding external coupled cavities [170–172], by changing growth parameters of active re-
gion designs [84,86,87], deposition of exotic dielectric layers [173] and aperiodic photonic 
lattices [174,175]. Temperature tuning of a few gigahertz has been observed from THz 
QCLs with DFB grating [169].  
In THz QCLs with external cavity mirrors, tunability is controlled through variation 
of the distance between the facet of the device and an external mirror. Thus, frequency con-
trol is achieved through a mechanical process of controlling the optical path length. This 
arrangement requires suppression of laser feedback from the end facet, and hence requires 
an anti–reflection coating at the facet facing the external mirror. An anti–reflection coating 
of SiO2 was used in ref. [170]. The long wavelength (of the order of ~100 µm) of electro-
magnetic radiation in the THz range dictates a thick layer of anti–reflection coating to 
eﬀectively suppress laser oscillations. Fabrication of thick anti-reflection coating has been a 
challenge, and is a major limitation of this technique. 
Another method to obtain frequency tunability through an external cavity involves 
using an external grating to select longitudinal modes of the QCL [171]. In this method, 
frequency tuning is controlled through variation of the angle of the grating. Additionally, 
instead of depositing thick anti–reflection coating, a hemispherical Si lens was used to facil-
itate collimation of the beam and to act as an anti–reflection layer. In yet another demon-
stration of a frequency tunable THz QCL, a QCL with a second order DFB grating was 
coupled to a micro-cavity [172]. In this arrangement, vertical emission from second–order 
DFB gratings was used to couple a microcavity placed on top the DFB grating. Frequency 
tunability was realised by varying the path between the DFB laser and the external mirror, 
and the resulting detuning of the external cavity with respect to the DFB resonator. A ma-
jor constraint in external-mirror-based tuning schemes is the mechanical process to control 
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the path between laser aperture and the external mirror, which requires external optics and 
a precision motion controller. An electrically–controlled frequency tuning mechanism 
would make the system compact and easy to operate. 
A variation of emission frequency in THz QCL has been studied systematically by 
varying the molecular beam epitaxial (MBE) growth parameters. In these devices, frequency 
emission is not controlled by the variation of refractive index of the waveguide, but by vari-
ation of the semiconductor heterostructure itself, which formed the active region.  In one 
such demonstration (ref. [86]), the thickness of the GaAs/AlGaAs heterostructure layers in 
the active region was systematically varied in diﬀerent wafer samples to achieve frequency 
tuning of 100–35 GHz. However, it is important to note that frequency tunability is not 
evident from a single device, rather a predictable shift was observed in diﬀerent wafers 
grown with diﬀerent active region variations. Devices from diﬀerent samples with diﬀerent 
growth parameters can be arranged into an array with an electrical control circuit to drive 
only one laser ridge at a time, as has been demonstrated in mid-IR DFB QCLs in 
ref. [176]. 
The MBE growth was further improved in another design, where two diﬀerent active 
region heterostructures were grown on the same wafer [84]. Such an integration of diﬀerent 
active region designs into the same heterostructure growth has been demonstrated previous-
ly in mid-IR QCLs [177]. The two active regions in ref. [84] were separated by a spacer 
layer, which addressed the issue of electric-field domain formations in the active materi-
al [178]. A two–colour emission was observed from this laser, with emission frequency con-
trolled by drive current. The precise control of lasing in only one the stacks permitted a 
controlled two–colour emission from this device. This paradigm was developed further, and 
in the design reported in ref. [87] the deposition rate of Ga was reduced monotonically 
during the MBE growth of the wafer. This resulted in a heterostructure with 23 diﬀerent 
lasing sections. Successive emission over a range of over 300 GHz was observed as the drive 
current to the device was varied. It is worth noting here, that only a few of all the stacked 
active region designs allow optical transition of electrons in the cascade depending on the 
applied bias field. Thus frequency tunability observed in these devices is not governed by 
variation of refractive index in the cavity. 
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In tunable THz QCLs discussed so far, emission was controlled either through varia-
tion of mechanical mirrors, or by selective lasing of active region heterostructures. None of 
these designs aimed to vary the refractive index of the waveguide. However, a recent 
demonstration of a tunable THz QCL has achieved variation of the refractive index of the 
waveguide by gas condensation and successive deposition of dielectric layers [173]. In this 
device, a THz QCL wire laser with a laterally etched third-order DFB grating was used. 
The QCL ridge was deposited with dielectric layers iteratively to vary the refractive index. 
In another scheme, nitrogen gas was condensed on the DFB cavity. These approaches in-
troduced variations to the refractive index of the cavity that shifted the Bragg condition. A 
continuous tuning of 25 GHz was observed in the reported device. However, a major limi-
tation of this technique is the slow condensation/evaporation cycle and the irreversible na-
ture of the dielectric deposition.  
A truly electrically–controlled frequency tunable THz QCL has been demonstrated 
using an aperiodic photonic lattice (APL) [174,175]. In this design an APL was used to 
provide optical feedback as well as act as a filter, analogous to DBR gratings in optical la-
sers. The combined eﬀect of feedback from this photonic lattice (PL), along with a phase 
matching mechanism achieved through variation of the drive current, resulted in discrete 
mode hopping over 160 GHz. The operation of this device follows the tuning mechanism 
of SG–DBR optical lasers, but rather than using multiple–cavity sections of optical lasers, 
this device achieves similar results through an optimised asymmetrically-spaced PL. Indeed, 
the shorter wavelength of electromagnetic radiation in the optical and mid–IR range results 
in cavity lengths that are a few hundreds of microns long. However, the long wavelength of 
the THz range requires the overall cavity length of a standard SG–DBR laser to be a few 
centimetres. The longer cavity sections and the resultant thermal ineﬃciency could be one 
of the reasons for the failure to adopt multiple–section SG–DBRs in THz QCLs as yet. 
This study explores the possibility of obtaining electrically-controlled frequency 
tunability in THz QCLs using multi–section cavities with an integrated PL. Perturbation 
of the refractive index of the PL is attempted by applying a reverse bias and depleting carri-
ers under the metallised section of the PL. Since THz QCLs are driven in reverse bias, the 
polarity of the electrical connection to the PL is identical to a standard QCL connection. 
The following section briefly describes the device design and the operating principle. 
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4.2 Device design and operating principle 
A three–section THz QCL with a central ‘PL section’ and two ‘outer’ sections at either 
end of the PL was designed. The three sections were electrically isolated by etching away the 
doped contact epilayer at the central section. The PL sections were fabricated with addi-
tional bond pads and side rails to facilitate electrical connection to metallised sections of the 
PL.  A schematic illustration of the proposed device is presented in Figure 4.2 (a, b). 
a. 
 
b. 
 
c. 
 
Figure 4.2: (a) Illustration of a THz QCL with PL with bond pads and side 
rail. All grating sites are connected to two bond pads through the 
side rails. (b) Wire bonding of the device. The PLs are connected 
with bond wires that enable application of independent bias to 
the PL. (c) Schematic diagram of depletion layer formed under 
the metallised section of the grating. 
In this study, the eﬀect of variation of carrier concentration under PL gratings on 
spectral behaviour was investigated. The outer two segments served as normal single plas-
mon QCL waveguides and the central section had PL deposited directly on to the active 
material after removal of the top 𝑛–doped semiconductor used for electrical contact. The 
Au cladding metal forms a Schottky junction at the metal–active region interface and re-
sults in a depletion layer devoid of free carriers [135]. The width of this depletion layer was 
controlled by applying a reverse bias to the PL section. A schematic diagram of the deple-
tion layer under the PL metallised section is shown in Figure 4.2 (c). The resultant change 
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in the carrier concentration under the metallised section and the corresponding shift in re-
fractive index were modelled using a bulk semiconductor Drude model. 
Devices were fabricated with the three–section design but with diﬀerent PL grating 
pitch. Initially, the devices were characterised to study their electrical behaviour. A circuit 
model describing the electrical behaviour observed from fabricated devices was also devel-
oped. The devices were subsequently characterised to analyse spectral variation.  
The following section describes the variation of refractive index in the PL section 
with carrier concentration. The depletion region formed at the metal–semiconductor inter-
face is also discussed in section 4.3.2. 
4.3 Tuning refractive index by changing carrier con-
centration 
SM emission from THz QCLs using a one–dimensional PL was described in Chapter 3. It 
was observed that the PL introduced a stopband centred at a characteristic Bragg frequency 
and emission was observed at the edge of the stopband. The Bragg frequency depended on 
the eﬀective refractive index and grating pitch of the PL. A frequency shift can, therefore, 
be achieved by variation of the refractive index of the active material. In this study the re-
fractive index of the PL was varied through a variation of the carrier concentration under 
the PL metallised section. 
4.3.1 Variation of refractive index with doping 
A Drude model from the program OWG was used to estimate the variation of the refrac-
tive index of the QCL active material as a function of carrier concentration [Figure 4.3 (a)]. 
OWG is included in the package QCLSIM, a software developed at the University of Leeds 
to model THz QCL active regions and waveguides. For simplicity the active material was 
modelled as bulk GaAs. THz QCL active regions include 𝑛–doped heterostructure layers. 
To estimate the doping level for the bulk GaAs used in the model, the average doping of 
the active region [Table 3.2] was calculated. The average doping of the active region design 
used for this study was calculated to be 7.5  ×  10!" cm-3, and is indicated by an arrow in 
Figure 4.3 (a).  It is observed that the refractive index decreases non–linearly as the carrier 
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concentration is varied between 10!"–10!" cm-3 and increases monotonically as it is in-
creased above 10!" cm-3. The Bragg frequency of a PL with Λ = 15.25 µm is also calculat-
ed as a function of carrier concentration [using the expression eq. (3.1), described in Chap-
ter 3] and plotted in Figure 4.3 (b). 
Therefore, the refractive index can be significantly modified if a QCL active region is 
designed with higher carrier concentration. However, the free carrier losses in the wave-
guide also increase with higher doping Therefore, the variation in refractive index in the 
non–linear region between 10!" – 2×10!"  cm-3 deemed as an ideal trade oﬀ 
[Figure 4.3 (b)]. A similar change in the carrier concentration can be introduced by apply-
ing a reverse bias voltage to the Schottky junction formed at the metal-semiconductor in-
terface of the PL section. A strong shift in refractive index can be achieved if the carrier 
concentration lies in this non–linear region range 10!"–2×10!" cm-3 [Figure 4.3 (b)].  
The following section describes the modelling of the PL section as a metal–
semiconductor junction interface. 
a. 
 
b. 
 
Figure 4.3: Refractive index (red) and the corresponding Bragg frequency 
(blue) for Λ = 15.25 µm as a function of carrier concentration of 
active material calculated using Drude model. QCL active mate-
rial simulated as bulk Al0.15Ga0.85As. Average doping of QCL ma-
terial is indicated with an arrow. Doping varied between 
(a) 10!" − 10!" cm-3 (b) 9.5×10!" − 2.5×10!" cm-3. 
4.3.2 Depletion of carrier at PL grating 
Since the PL is deposited directly on top of the active region, it is modelled as a metal–
semiconductor junction. A depletion layer devoid of carriers is formed at the metal–
semiconductor interface whose width can be increased on application of a reverse bias. The 
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width of the depletion layer is calculated from the energy band diagram of a metal–
semiconductor interface. Since some of the active region layers are doped with 𝑛–type do-
pants, the QCL active region was modelled as a 𝑛-doped semiconductor.  
A metal–semiconductor interface acts like a Schottky junction when the work func-
tion of the semiconductor (𝜙!) is smaller than the work function of the metal (𝜙!) [179]. 
The energy band diagram of a metal–semiconductor interface is shown in Figure 4.4. The 
energy bands in an isolated metal and semiconductor are shown in Figure 4.4 (a), in which (𝜒!) is the electron aﬃnity of the semiconductor. The energy level of the conduction band, 
valence band and the Fermi level are indicated by 𝐸! , 𝐸! and 𝐸! respectively. The vacuum 
energy level is used as a reference.  
a. 
 
b. 
 
c. 
 
Figure 4.4: Energy band diagram of: (a) metal and semiconductor. Metal–
semiconductor interface at diﬀerent conditions: (b) equilibrium 
and (c) with a reverse bias. Image adapted from [180]. 
In a metal–semiconductor junction interface at thermal equilibrium [Figure 4.4 (b)], 
the Fermi levels in the metal and semiconductor are at the same energy. Electrons from the 
semiconductor flow into the lower energy levels in the metal resulting in a positively 
charged donor atoms at the interface, forming a space charge layer. An electron moving 
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from the semiconductor to the metal has to cross this potential barrier, which is defined 
as [179] 
𝜙!" = 𝜙! − 𝜒   (4.1) 
The work function of Au is 5.1 eV and the electron aﬃnity of 𝑛–GaAs is 4.07 eV. 
Thus, the barrier height is calculated as 𝜙!" = 1.03 eV. However, experimentally the value 
of 𝜙!" has been determined to be 0.92 eV for a Schottky junction formed at the interface 
of Au and GaAs, and this value was used for the model [135]. 
The width of the depletion layer is calculated from the built-in potential (𝜙!") across 
the Schottky junction, which is given by [179] 
𝜙!" = 𝜙!" − 𝑉! ln 𝑁!𝑁!    (4.2) 
where 𝑁!, 𝑁! are the eﬀective density of states in conduction band and donor doping den-
sity respectively; and 𝑉! is the thermal voltage given as: 
𝑉! = 𝑘𝑇𝑒    (4.3) 
where 𝑘, 𝑇 and 𝑒 are Boltzmann’s constant, temperature and electronic charge respectively. 
The eﬀective density of states for electrons in the conduction band (𝑁!) is given by 
the following expression: 
𝑁! = 2   2𝜋𝑚!∗𝑘𝑇ℎ! !/!   (4.4) 
where 𝑚!∗  is the eﬀective mass of electron and ℎ is Plank’s constant.  
The width of depletion layer (𝑤!) formed at the metal–semiconductor junction in-
terface on application of a reverse bias [Figure 4.4 (c)] is given as [179]: 
𝑤! = 2𝜀! 𝜙!" + 𝑉𝑞𝑁!      (4.5) 
where 𝑉 is the applied reverse bias and 𝜀! is the permittivity of the semiconductor.  
Therefore, from eq. (4.5) it can be inferred that increasing the reverse bias would in-
crease the width of the depletion layer. Similarly, in a three-section QCL device, applica-
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tion of a reverse bias to the PL section would, thus, increase the width of this depletion lay-
er. This would result in a change in the distribution of free–carriers under the PL section. 
The depletion layer formed at the metal–semiconductor junction can also be mod-
elled as a capacitor, whose capacitance is given as [179]: 
𝐶! = 𝜀!𝐴𝑤!      (4.6) 
where 𝐴 is the area of the Schottky junction. The eﬀect of the capacitance in the Schottky 
junction under an applied reverse bias was also considered during the calculation of carrier 
density under the PL metallised section. 
In the designed three–section THz QCL, although the PL section is deposited on an 
electrically isolated central section, the PL section is still connected to the outer sections 
through a high impedance path. This is because all three sections still share the same active 
region heterostructure, and this might result in a ‘cross–talk’ voltage between the sections. 
Under such circumstances, the reverse voltage at the PL section would depend not only on 
the reverse bias voltage applied to the PL section, but also on the bias applied to the outer 
sections. The depletion region formed in a real QCL device is discussed in greater detail in 
section 4.6.1.2 where an electrical model is established that describes the electrical behav-
iour of the three–section QCLs with electrically–controlled PLs. 
The following section describes the fabrication of THz QCLs with this modified PL 
design. 
4.4 Fabrication 
THz QCLs were fabricated from the same wafer ‘L701’ (with a bound-to-continuum active 
region reported in ref. [67]) used for the study of PLs, following identical processing steps 
as described in section 3.3.  
The PL design, described in the Chapter 3 was modified to add two contact pads at 
either end of the PL to enable wire bonding. All PL gratings were connected to both of the 
contact pads through two side rails running at the edge of ridge to enable electrical connec-
tion throughout the PL region [Figure 4.5 (a)]. The PL was deposited on an electrically iso-
lated central section, with two identical single plasmon waveguide sections (outer sections) 
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on either side of the PL. The outer sections were electrically isolated from the central PL 
section and experimental devices had high resistance of 20–23 MΩΩ between the outer sec-
tions and the PL section. An Optical microscopy of a fabricated device is shown in Fig-
ure 4.5 (b). 
Following the deposition of the PL, substrate was thinned and devices were cleaved 
to form mirror facets from the III–V material crystal, as described in section 2.2.9. Due to 
the manual cleaving process used in this study, the cavity lengths of the two outer sections 
were not identical. Cleaved samples were In soldered onto Cu blocks and were wire bond-
ed. The electrically isolated PL was wire bonded separately to enable independent bias to 
the PL section. Scanning electron microscopy (SEM) of a device after wire bonding is 
shown in Figure 4.5 (c). A list of fabricated devices is tabulated in Table 4.1. 
a. 
 
b. 
 
c. 
 
Figure 4.5: (a) Illustration of a PL with contact pads and side rail. (b) Optical 
microscopy of a fabricated device. PL and outer cavity sections 
are illustrated in the image. (b) SEM image of a device after wire 
bonding. Separate wire bonds were applied to the PL section. 
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Table 4.1: List of fabricated THz QCLs electrically–controlled PLs. 
Device 
Number 
Unique 
Device ID 
𝑓!"   
(THz) 
Λ  
 (µm) 
𝐿!"#  
 (µm) 
𝐿!"#  
 (µm) 
4A L701-S14-D1 2.760 15.38 6.14 9.24 
4B L701-S16-D3 2.705 15.68 6.26 9.42 
4C L701-S14-D2 2.840 14.95 5.98 8.97 
4D L701-S16-D1 2.720 15.61 6.23 9.38 
4E L701-S16-D2 2.685 15.80 6.32 9.48 
 
4.5 Experimental setup 
The experimental setup used for the characterisation of THz QCLs with electrically–
controlled PL diﬀered slightly from the setup used for standard QCLs (section 2.3.1). Two 
pulse generators were used in this study to drive the outer sections and the central PL sec-
tion independently. Current pulse trains with a negative polarity were applied to the outer 
sections enabling lasing, while the central PL section was biased with voltage pulses with a 
similar negative polarity, time synchronised with the current pulses. The aim of this setup 
was to cause lasing only at the outer waveguide sections whilst keeping the central section 
as an absorber, and to vary the depletion layer formed under the PL because of the reverse 
bias. Devices were characterised on a closed cycle cryostat and cooled with liquid He, as 
described in section 2.3.1. The outer sections were biased with 10 kHz current pulses gated 
with a 165 Hz pulse matched to the responsivity of the detector. The PL was biased with a 
similar 10 kHz gated pulse train synchronised to the current pulses. 
In the first instance, the devices were measured to obtain light–current–voltage (LIV) 
characteristics without any bias applied to the PL section, [the ‘floating gate’ configuration 
as shown in Figure 4.6 (a)], and then with varying bias voltages, as shown in Figure 4.6 (b). 
Although the PL was electrically isolated from the outer sections, the three separate sections 
were deposited on moderately doped GaAs/AlGaAs heterostructure active material. Hence, 
any bias applied to the outer sections would result in a field forming across the central PL 
section (cross–talk). The data acquisition setup used to obtain the LIV characteristics was 
modified to read the voltage and current at the PL as the drive current supplied to the outer 
sections were varied. Spectra were acquired using the same Brucker Optics Fourier trans-
form infra–Red (FTIR) spectrometer, as described in section 2.3.1. Spectra were acquired 
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for diﬀerent drive currents supplied to the outer sections, with a floating gate and diﬀerent 
reverse bias voltages applied to the PL. 
a. 
 
b. 
 
Figure 4.6: Schematic diagram of the experimental setup to obtain LIV data 
with: (a) a floating PL section (no applied bias on the PL sec-
tion), (b) a reverse bias applied to the PL section. Both pulse gen-
erators are gated to a square wave function generator (not 
shown). 
4.6 Experimental results 
Initially, the devices were measured to obtain their LIV characteristics, and to study the 
electrical behaviour of the three–section device. An electrical model was developed to un-
derstand the electrical properties of the device. Spectra were acquired after the electrical 
characterisation. 
Data obtained from device 4A is used to analyse the electrical behaviour of such de-
vices and is discussed next. A similar electrical behaviour was observed in all other fabricat-
ed devices. 
4.6.1 Electrical characterisation 
In the first instance, devices were characterised to observe their electrical behaviour with a 
floating PL section, and were subsequently characterised with a bias applied to the PL sec-
tion. The cross–talk between the PL and outer sections was investigated in the floating PL 
configuration. The extent of carrier depletion under the PL gratings was estimated with an 
applied bias to the PL section. 
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4.6.1.1 Floating PL section 
The LIV obtained without any bias applied to the PL section is shown in Figure 4.7. The 
cross–talk voltage measured across the central PL section is also plotted (in blue) for diﬀer-
ent current applied to the outer sections. The voltage measured at the PL section exhibited 
a characteristic oﬀset, observed in all devices, and only manifested after 0.8–1 V was ap-
plied to the outer sections. The maximum–recorded cross–talk voltage in the PL was 
around 2 V for the maximum drive current in the outer sections. 
 
Figure 4.7: LIV obtained from device 4A, without any bias applied to the PL 
section. Voltage across the outer sections (red) and the PL section 
(blue), and the THz output power (green) are plotted as a func-
tion of current across the outer sections. 
To explain this electrical behaviour, a circuit representation of the device cross–
section was designed [Figure 4.8 (a)]. The major components of the circuit are described as 
following: 
• Negative diﬀerential resistance at the outer sections 
A low-resistance (2–4 ΩΩ) negative-diﬀerential resistor was used to simulate the neg-
ative diﬀerential resistance across the QCL active region in the outer sections. The 
value of this resistor was varied as a function of the current in the outer sections. 
Experimental IV characteristics obtained from the device 4A were used to obtain 
this diﬀerential resistance as a function of the bias voltage.  
• High resistance at the PL contacts 
A large resistance (23 MΩΩ) was used to simulate the PL contact impedance.  This 
resistance value was obtained from DC measurements and is due to the removal of 
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the 𝑛–doped contact layer under the PL section. A constant value of 23 MΩΩ for the 
high impedance was used in the circuit as a small signal approximation, although its 
value changed according to the applied bias on the outer sections.  However, this 
resulted in only a minor disagreement with experimentally observed characteristics 
and was ignored. 
• PL Schottky junction 
The Schottky junction formed at Ti/Au and active region interface of the PL sec-
tion was modelled with a Schottky diode. 
• Channel potential barrier 
The absence of doped semiconductor at the PL section formed a potential barrier at 
the junction between the PL section and the outer sections (referred to as the 
‘channel’). The characteristic oﬀset observed at the voltage in the PL section 
[Figure 4.7] was due to this barrier and was represented by a diode in the circuit. 
• Channel high resistance 
A second large resistance of 23 MΩΩ was used to represent the impedance of the 
channel regions. This high resistance was due to the absence of 𝑛–doped contact 
layer in the PL section. 
• Device capacitance 
Capacitance of the device was calculated as 8 pF from the device geometry using a 
simple parallel-plate capacitor model. The capacitance was also included in the 
model to provide an accurate transient response. 
• Circuit sense resistance at the PL and the outer sections 
The experimental setup included a 50 ΩΩ ‘matching’ resistor in the sense circuit used 
to read voltage at device terminals.  Two 50 ΩΩ resistors used in the sense circuits to 
read the voltage at the PL section and the outer sections were also included in the 
circuit model. 
The circuit was simulated using a SPICE based circuit simulator Volta® on Apple 
Macintosh OS X. Initially, the outer sections were driven with current pulses and the PL 
section was left floating, in accordance with the experimental setup. The outer sections in 
the simulated circuit were driven with current pulses at 10 kHz with a 2% duty cycle. The 
current pulses were modulated with a 165 Hz square wave. This arrangement corresponded 
with the current pulses in the experimental setup. The cross–talk voltage at the PL section 
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was measured for various biases applied to the outer sections. The results from the simula-
tions, plotted in Figure 4.8 (b), agree well with the experimentally observed IV.  
The RC node in the circuit resulted in a characteristic decay observed at the PL sec-
tion when the gate signal was switched oﬀ. The experimentally observed RC decay is shown 
in Figure 4.8 (c). A similar RC decay was observed in the simulated circuit [Figure 4.8 (d)], 
validating the circuit description of the device cross–section. The value of the capacitance 
was calculated from the RC time constant of the experimentally observed decay (0.36 ms) 
and was calculated to be ~8 pF. This experimentally measured capacitance agrees perfectly 
with the parallel plate capacitance calculated from the device dimensions. 
a. 
 
b. 
 
c. 
 
d. 
 
Figure 4.8: (a) Equivalent circuit model describing the observed electrical char-
acteristics of three–section QCL with PL. (b) Cross–talk voltage 
in PL (blue) as the current through the outer sections is varied. 
Both experimental (solid) and simulated (dashed) cross–talk volt-
age are plotted. (c) Experimental and (d) simulated capacitive de-
cay observed at the PL section when the bias at the outer sections 
is switched oﬀ. All experimental data are obtained from device 
4A. 
The simulated results obtained from the circuit model agree excellently with the ob-
served electrical characteristics. Following the characterisation with a floating PL section, 
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the devices were experimentally characterised with a bias applied to the PL section. The fol-
lowing section describes the observed electrical behaviour and compares them with the 
simulated electrical characteristics obtained from the circuit model. 
4.6.1.2 PL section with a bias 
Following the characterisation with a floating PL section, LIV was acquired with a bias ap-
plied to the PL section. Device parameters like threshold current density and output optical 
power output were unaﬀected by the bias applied to the PL section, as can be observed 
from Figure 4.9.   
 
Figure 4.9: LIV obtained from device 4A, with a bias applied to the PL section. 
Device parameters, like threshold current density and output 
power remain unaﬀected by the applied bias on the PL section. 
Voltage measured at the PL section is also plotted. 
The voltage at the PL section is also plotted as a function of the current at the outer 
sections, as shown in Figure 4.9. It was observed that the cross–talk voltage from the outer 
sections aﬀected the voltage at the PL section [Figure 4.9]. This was especially evident when 
the applied bias at the PL section was lower than the cross–talk field [Figure 4.9, when the 
current at the outer sections is greater than 1.5 A]. The net voltage measured at the PL grat-
ing was a superposition of the bias applied to the PL section and the cross–talk voltage. For 
example, the voltage sensed at the PL section (with a bias of 1 V) increased with the cross–
talk. A similar behaviour is also predicted using the simulated circuit [Figure 4.10]. 
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Figure 4.10: Simulated voltage at the PL section as a function of current at the 
outer sections, with diﬀerent bias applied to the PL section. The 
cross–talk from the outer sections increases the voltage at the PL 
section. 
The eﬀect of the cross–talk is particularly significant to calculate the depletion layer 
formed under the PL metallised sections. The eﬀective bias at the PL–active material inter-
face was calculated from both the applied bias to the PL section as well as the cross–talk 
from the outer sections.  The width of the depletion layer was calculated from eq. (4.5) us-
ing this eﬀective bias, and is shown in Figure 4.11 (a). A variation of the depletion region 
changes the carrier concentration as the carriers are eﬀectively pushed into a smaller volume 
of the active material. The carrier concentration under the PL metallised section was mod-
elled as two regions – a thin layer depleted of carriers and the remaining active region 
whose carrier concentration is higher than the intrinsic doped density. The width of the 
former equalled the width of the depletion layer.  The carrier concentration in the latter was 
calculated from the intrinsic doping of the active region and the reduced volume of the ac-
tive material due to the depletion layer. The change in the carrier concentration under the 
PL metallised section is shown in Figure 4.11 (b). The resulting change in refractive index 
of the active material under the PL metallised section was computed from the Drude model 
solver, and is shown in Figure 4.11 (c). Based on the intrinsic carrier concentration and the 
variation of the width of the depletion region, a maximum change in Bragg frequency of 
around 15–20 GHz was predicted. The eﬀect of the carrier profile on the optical mode was 
further verified using the finite element modelling (FEM) described in section 3.2.1.1. The 
stopband in the PL a depletion layer was also simulated and would be briefly described in 
section 4.6.1.2.1. 
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a. 
 
b. 
 
c. 
 
Figure 4.11: (a) Depletion layer formed under the PL metallised section (with 
diﬀerent bias at the PL section) as a function of the bias at the 
outer sections. (b) Change in the carrier concentration is plotted 
as a function of the bias to the outer sections, for diﬀerent bias 
applied to the PL section. (c) Variation of refractive index corre-
sponding to the change in carrier concentration in (b). 
The devices were further characterised to analyse the LIV at various heat sink temper-
atures, as shown in Figure 4.12 (a). In further measurements, device parameters including 
voltage and current at the outer sections, emission power and current at the PL section, 
were recorded as a function of bias voltage applied to the PL section [Figure 4.12 (b–d)]. It 
was observed that negligible current flows through the PL section (~10 µA) throughout the 
operating regime used in this work.  As such, there was no optical emission from the PL 
section and negligible Joule heating in this region. Furthermore, the bias at the PL section 
had no influence on the emission power from the outer sections. 
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a. 
 
b. 
 
c. 
 
d. 
 
Figure 4.12: (a) LIV with a floating gate (no applied bias on the PL section) 
recorded at various heat sink temperatures. (b–d) Variation of 
device parameters – voltage (black), power (blue) and current 
(green) at the outer sections, and current at the PL section (red) 
as a function of bias applied to the PL section. Outer sections are 
biased at (b) threshold, (c) peak power and (d) maximum applied 
bias. Device parameters are unaﬀected by the bias applied to the 
PL section. 
4.6.1.2.1 Stopband in the PL with a depletion layer 
The FEM technique described in the Chapter 3 was used to compute optical mode in the 
metallised section of the PL with a depletion layer. The device cross–section was modified 
to include a depletion layer in the active region and a top cladding interface. The computed 
optical mode is shown in Figure 4.13. The eﬀective refractive index at the metallised section 
was computed as 𝑛!"# = 3.58− 𝑗0.0087, lower than that without any depletion layer 
(𝑛!"# = 3.62− 𝑗0.0064), described in section 3.2.1.1. Thus, it can be substantiated from 
the FEM simulations that a small change in the refractive index at the metallised section is 
obtained by applying a bias on the PL section. 
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 Figure 4.13: Computed optical mode of a PL metallised section with a deple-
tion layer (2.77 THz) using FEM.  
The variation in the refractive index with a bias applied to the PL section would also 
influence the stopband in the PL. The coupled mode theory model, described in sec-
tion 3.2.2, was used to calculate the stopband for device 4A. It was observed that with PL 
in a floating gate configuration, a stopband of ~90 GHz was observed at 𝑓!" = 2.76 THz 
[Figure 4.14 (a)]. However, when the depletion layer was included in the metallised section 
of the PL, the Bragg frequency shifts by ~12 GHz to 𝑓!" = 2.772 THz [Figure 4.14 (b)]. 
The bandwidth of the stopband also reduces from Δ𝑓!" ≈ 90 GHz to ~77 GHz. There-
fore, the upper edge of the stopband (i.e. 𝑓!" + Δ𝑓!"/2) with a floating PL and with an 
applied bias on the PL was calculated to be 2.805 THz and 2.8105 THz, respectively. This 
greatly revises the initial tuning range of ~15–20 GHz calculated from the Drude model for 
variation in Bragg frequency only. Instead, a maximum continuous tuning in the range ~5–
6 GHz is predicted when the eﬀect of a reduced bandwidth of the stopband is included in 
the model. 
a. 
 
b. 
 
Figure 4.14: Dispersion curve in the PL section. A stopband with bandwidth 
(Δ𝑓!") is observed centred at the Bragg frequency (𝑓!"). (a) PL 
with a no applied bias (floating gate), (b) PL with a depletion re-
gion formed in the metallised section. 
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4.6.2 Spectral characterisation 
In an exemplar device 4A, SM emission at ~2.76 THz was observed with a floating 
PL section [Figure 4.15 (a)]. Emission was experimentally observed to be at the stopband 
centre corresponding to the Bragg frequency [Figure 4.15 (b)]. Although none of the devic-
es with PL, described in Chapter 3, lased at the Bragg frequency, such behaviour can be 
explained with the coupled mode theory. According to this theory, the threshold gain is 
lower at the Bragg frequency in a periodic structure that has a greater loss (or conversely 
gain) perturbation [108]. Thus, emission is possible at the centre of stopband in such devic-
es. Following a similar analogy, it was inferred that the PL in device 4A had a higher loss 
perturbation, which resulted in the emission at the Bragg frequency. However, the possible 
reason for such behaviour is yet unknown. Following the initial characterisation with a 
floating PL section, the device was characterised with an applied bias from 2–16 V. 
a. 
 
b. 
 
Figure 4.15: (a) Emission spectra from the device 4A obtained with a floating 
PL section and at a heat sink temperature of 4 K. Spectra are ver-
tically oﬀset and are shown in colour coded for a range of current 
applied to the outer sections. (b) Emission was observed at the 
centre of stopband at the Bragg frequency calculated in 
Figure 4.14 (a). 
On application of a bias of 2 V to PL section, an additional higher-frequency mode 
spaced at ~15 GHz was observed in the emission spectrum, with emission observed pre-
dominantly at ~2.777 THz under high current at the outer sections [Figure 4.16 (a)]. It is 
worth noting that this higher-frequency mode was observed in the spectra recorded during 
the floating PL characterisation [Figure 4.15 (a)], albeit with a small amplitude Therefore 
we can conclude that a small change in spectral power density (SPD) amongst these modes 
was observed on applying a 2V PL bias. Increasing the bias further resulted in a small 
change in the spectral power distribution amongst the modes, as can be observed for the 
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outer section current of 1.84 A [Figure 4.16 (b)]. The observed change in SPD between the 
modes agrees well with the 12 GHz shift in Bragg frequency predicted in Figure 4.11 (b) 
and Figure 4.14 (b). The emission observed at outer section currents > 1.84 A is shown in 
Figure 4.16 (c). 
a. 
 
b. 
 
c. 
 
Figure 4.16: Emission spectra from device 4A at a heat sink temperature of 
4 K, with a bias of (a) 2 V and  (b) 6 V applied to the PL. Spectra 
are vertically oﬀset and are shown in colour coded for a range of 
current applied to the outer section. (c) Simulated Bragg fre-
quency (red) and stopband (yellow) in the PL with depleted car-
riers under grating calculated in Figure 4.14 (a). Emission (black) 
was observed at the shifted Bragg frequency. 
While device 4A lased at the Bragg frequency all other devices fabricated for this 
study lased beyond the stopband, as was observed in Chapter 3. In one such device (4B), 
emission was observed at the edge of the stopband at all drive currents with a floating PL 
section [Figure 4.17 (a, b)]. Unlike the results obtained in Figure 4.16, a change in the 
SPD amongst modes resulting in a complete mode hopping was not observed from this 
device after applying a bias at the PL section. Instead, a small change in the SPD amongst 
modes was observed when the current at the outer section was > 2.10 A, and a bias was ap-
plied to the PL section [Figure 4.17 (c)]. The SPD at 2.815 THz increased monotonically 
with an increase in the bias applied to the PL section [Figure 4.17 (d)]. Furthermore, it is 
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also noted that this mode was observed when the spectra was recorded during the floating 
PL characterisation, as a secondary mode. A similar behaviour was also noted in device 4A. 
a. 
 
b. 
 
c. 
 
d. 
 
Figure 4.17: Emission spectra from device 4B at diﬀerent drive current at outer 
section with (a) floating PL (4 K), (c) bias of 9 V applied to the 
PL section. (b) Emission was observed beyond the edge of the 
stopband. (d) Spectra under diﬀerent PL bias with an outer sec-
tion current of 2.21 A. Spectra are vertically oﬀset and are colour 
coded for a range of applied to the outer section. 
It can be inferred that the change in stopband conditions due to the applied bias on 
the PL section manifests as a variation in SPD amongst multiple modes. This premise was 
further investigated in three other devices (4C, 4D, 4E). These devices featured longer out-
er sections. The close mode spacing in such devices allowed additional modes outside the 
stopband. Emission in these devices (4C, 4D and 4E) was beyond the edge of the stop-
band. Spectra acquired from the devices with a floating PL section and with a bias of 9 V 
applied on the PL is shown in Figure 4.18. In all three devices, a small change in SPD was 
observed (Figure 4.18, marked with arrows) as observed in device 4B. 
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 Floating PL section  PL section with a bias of 9 V 
a. 
 
b. 
 
Device 4C 
c. 
 
d. 
 
Device 4D 
e. 
 
f. 
 
Device 4E 
Figure 4.18: Emission spectra at diﬀerent drive currents at the outer section 
from devices (a, b) 4C, (c, d) 4D and (e, f) 4E, at a heat sink 
temperature of 4 K: (a, c, e) with a floating PL section, and 
(b, d, f) with a bias of 9 V applied on the PL section. 
It is worth noting that the variation of the band edge of the stopband with PL bias 
(~5–6 GHz) is below the resolution of the FTIR spectrometer (~7.5 GHz). Hence, a mode 
shift or continuous tuning might be resolution limited in devices where emission was ob-
served at the edge of the stopband. Frequency tunability with PLs could be better evaluated 
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in a PL with central shifted element, which has a lower lasing threshold at the Bragg fre-
quency [109]. Continuous tunability in such designs is described in greater detail in sec-
tion 6.3. 
4.7 Summary 
Frequency tunability in THz QCLs with PLs was investigated by varying refractive index 
through carrier depletion. The refractive index of the active region was studied by varying 
the carrier concentration in the active region. A Drude model was used to calculate refrac-
tive index in a THz QCL active region, modelled as a bulk GaAs semiconductor. The re-
fractive index exhibited a sharp decrease as the carrier concentration varied between 10!"–2×10!" cm-3. A frequency-tuning scheme was developed exploiting this non–linearity.  
A variation in the refractive index was investigated by depleting carriers under the PL 
metallised section. This was achieved by depositing a Ti/Au based PL on top of the active 
material, forming a Schottky contact. The carriers under the PL metallised section were de-
pleted by applying a reverse bias to this Schottky junction formed at the PL.  
A series of THz QCLs were fabricated with a three–section cavity comprising of a 
central PL section placed between two outer sections. The central PL section was electrically 
isolated from the outer sections and PL gratings were patterned after etching away the top 𝑛–doped layer in the central section. The PL grating structure was modified to include 
bond pads for electrical connection and side rails to connect all metallised sections. 
Initially, the devices were characterised with a drive current applied to the outer sec-
tions above lasing threshold and with no bias applied to the PL section (in a floating con-
figuration). The electrical behaviour obtained in this floating configuration was simulated 
with the help of an electrical circuit model of the device. Electrical behaviour simulated 
from the circuit model was found to agree well with experimental observations. Devices 
were subsequently characterised with a bias applied to the PL section. The resulting varia-
tion of the depletion layer under the PL metallised section was estimated from the electrical 
characterisation results and the simulated circuit model. A frequency tuning of ~15–
20 GHz was predicted from the Drude model. The stopband in the PL was also calculated 
and the bandwidth of the stopband was found to reduce from ~90 GHz to ~77 GHz. An 
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overall shift in emission at the edge of the stopband by ~5–6 GHz was predicted from both 
the bulk Drude model and the dispersion relation. 
Spectra from devices were acquired experimentally in both floating PL configuration 
as well as with an applied bias on the PL section. In an exemplar device, emission was ob-
served at the Bragg frequency with a floating PL section. A mode hopping by 15 GHz was 
observed on application of a bias to the PL section, in agreement with the bulk Drude 
model. In all other devices, emission was observed at the edge of the stopband. A change in 
SPD was observed as the bias to the PL was varied. However, no continuous tuning was 
evident, presumably, due to the resolution limit of the FTIR spectrometer. 
It is worth noting that a similar tuning mechanism based on a variation of electron 
density in a buried high electron mobility transistor was recently demonstrated in 
ref. [181]. A tuning of 2 GHz was observed in the reported device. Therefore, based on be-
haviour observed in this study and that reported in literature, it can be concluded that vari-
ation of refractive index through a change in carriers manifests as a small observable change 
in refractive index. It can be inferred that this small variation in the refractive index makes 
it inherently diﬃcult to achieve a wide band frequency tuning in THz QCLs. A diﬀerent 
tuning technique based on a two–section coupled–cavity QCL based on Vernier selection 
promises to expand the tuning range within the confines of the small index perturbation, 
and is discussed next. 
 
   
Chapter 5   
 
Discrete Vernier tuning using coupled 
cavity QCLs 
5.1 Introduction 
A means to achieve frequency tunable terahertz (THz) quantum cascade lasers (QCLs) 
through carrier depletion in a three–section device was described in the previous chapter. 
However, it was realised that the perturbation of the refractive index in the waveguide man-
ifests as a small observable change in frequency. This tuning scheme was modified and a 
perturbation of the refractive index through current induced Joule heating and a tuning 
mechanism based on discrete Vernier frequency tuning using coupled cavity THz QCLs is 
described in this chapter. In this technique, two cavities are coupled through a central sec-
tion with a high refractive index contrast, for e.g. an air gap. The emission in such coupled 
cavity devices is supported where the longitudinal modes in both the cavities coincide. Fre-
quency tuning is achieved by shifting the longitudinal mode spacing in either of the two 
cavities and is analogous to a Vernier selection mechanism [106]. A major advantage of this 
Vernier tuning is the possibility of wide band tuning range with engineered cavities and 
small perturbations of refractive index. 
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Electrically–controlled discrete Vernier tuning of frequency using coupled cavities 
has been demonstrated in both optical lasers [182–184] as well as mid-infrared 
QCLs [185,186]. Discrete frequency tuning has also been demonstrated in THz QCLs re-
cently, using aperiodic photonic lattices (APLs) [174,175] where mode hopping over 
100 GHz was reported. However, a major disadvantage of this technique is the complex 
design methodology and multiple iterations of focussed ion beam (FIB) milling of the APL 
grating sites. A simpler approach towards the same goal was achieved in this study by using 
coupled cavity QCLs.  
In this study, coupled cavities were realised using a segmented THz QCL ridge. Each 
device consisted of two individual laser ridges on the same substrate, which were separated 
by an air gap and were coupled via the adjacent laser facets. The high refractive index con-
trast between the laser ridges and the air gap increases the Fresnel reflectivity, which subse-
quently increases the eﬀective reflectivity in the coupled cavity. In the two–section coupled 
cavity used for this study, one of the ridges formed the ‘laser’ section, and was electrically 
driven at a constant bias above the lasing threshold, so as to emit THz radiation. The other 
‘tuning’ section was electrically driven below the lasing threshold, using a variable current 
source. This allowed the refractive index of the tuning section to be adjusted through local-
ised Joule heating, resulting in tuning of the frequency supported by the coupled cavity de-
vice. The work presented in this chapter was published in ref. [187]. 
The coupled-cavity devices described in this work were adapted from standard THz 
QCL structures processed with non-segmented single-plasmon ridge waveguides. 4.5–
4.8-mm long devices were fabricated and characterised following identical processing steps 
described in Chapter 2.  After the initial processing and characterization of the standard 
waveguide structures, a transmission-matrix model was used to design the coupled-cavity 
devices. The standard devices were subsequently etched using FIB milling to form lasing 
and tuning sections with the precise desired lengths. The electrical and spectral characteris-
tics obtained from the unsegmented devices were identical to the reference devices, dis-
cussed in section 2.3.1. 
The following section briefly describes the theory behind the operation of coupled 
cavity lasers. A transfer matrix model to simulate coupled cavity QCLs is also discussed. 
Various design aspects such as the frequency spacing, tuning range and thermal control of 
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the frequency tuning are also considered. Finally, the results of the study are presented, in 
which it is shown that both red- and blue-shifts in the emission frequency of the laser are 
obtainable over a wide tuning range. 
5.2 Theory of coupled cavity QCLs 
THz QCL ridges with a single plasmon waveguide are essentially Fabry–Pérot (FP) eta-
lons [106]. The longitudinal mode spacing in such FP cavities depends on the refractive 
index of the waveguide (𝑛) and the length of the cavity (𝐿), and is given by [188] 
∆𝜈 = 𝑐2𝑛𝐿   (5.1) 
where 𝑐 is the velocity of light in vacuum. Thus, the longitudinal mode spacing in a laser 
can be engineered by either choosing an appropriate cavity length or by modifying the re-
fractive index. An electrical control of 𝑛 requires no mechanical variation of geometry. 
Therefore, it’s potentially faster and allows more compact systems. However, typically it is 
accompanied by a change in gain and therefore leads to power variations. In this study, this 
was circumvented by separating the tuning section from the lasing section of the cavity and 
the longitudinal mode spacing was modified in the tuning cavity only, by varying the re-
fractive index. This eliminated the variation of emitted power that is usually associated with 
electrical control of refractive index. 
A coupled cavity is formed by coupling two FP etalons through their fac-
ets [106,185], as shown in Figure 5.1. The laser section in this coupled cavity forms the 
‘active’ component. This section is biased above the lasing threshold and provides gain in 
the coupled cavity. The tuning section forms the ‘passive’ cavity. The tuning section is bi-
ased below the lasing threshold and does not contribute to the gain in the coupled cavity. 
The two cavity sections are separated by an air gap. 
The coupled cavity, shown in Figure 5.1, is modelled as a four–mirror laser sys-
tem [106]. In such a four–mirror system, the passive tuning cavity and the air gap section 
are approximated as an ‘external’ cavity [Figure 5.2]. The reflectivity of the rear facet of the 
active laser cavity is approximated as the ‘effective reflectivity’ of the external cavity. The 
length of the tuning section and the air gap are optimised such that the maximum eﬀective 
reflectivity of the external cavity and the minimum mirror loss in the entire coupled cavity 
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coincide with the longitudinal axial modes of the passive tuning cavity [106]. In such a 
coupled cavity, a lower lasing threshold is observed where longitudinal modes from the la-
ser section coincide with those from the tuning section [106]. 
 
Figure 5.1: Schematic illustration of a coupled cavity THz QCL with a single-
plasmon waveguide containing separate lasing and tuning sec-
tion, which are separated by an air gap. 
The alignment of the longitudinal modes in the two sections is varied by perturbing 
the refractive index in the tuning section while keeping the bias on the lasing section con-
stant. In an optimised design, the diﬀerent longitudinal modes in the laser section can be 
progressively selected by a careful variation of the refractive index in the tuning section, and 
the resulting variation in the alignment with the longitudinal modes at the tuning section. 
This control of alignment through the tuning section is analogous to Vernier selection. In 
this study, coupled cavity THz QCLs were designed following these underlying principles 
and were modelled using transfer functions based on scattering (S) and transmission (T) 
matrices. 
The following section briefly describes the S and T matrices that are used to model 
multi-port networks and their application in modelling laser cavities is discussed in sec-
tion 5.2.1.1. The modelling of a controlled perturbation of the refractive index with tem-
perature as well as current induced Joule heating are discussed in sections 5.2.1.2 and 
5.2.1.3. The simulation and modelling techniques used in this study were optimised for the 
frequency range 2.70–2.85 THz, which corresponded to the gain-bandwidth of the wafer 
(L701) used in this study. 
Chapter 5. Discrete Vernier tuning using coupled cavity QCLs 113 
 
   
 
Figure 5.2: Schematic diagram of a coupled-cavity laser modelled as a four-
mirror system. The tuning section and the air gap section togeth-
er form an external cavity. Emitted radiation is collected from the 
front facet of the lasing section as indicated by the arrow. The re-
flectivity of the rear facet of the lasing section is approximated as 
the eﬀective reflectivity from the external cavity. 
5.2.1 Modelling using scattering and transmission matrices  
Transfer functions from S and T matrices are simple and eﬃcient tools to model transmis-
sion and reflectivity at laser cavities [106]. The S matrix describes the linear relation be-
tween output 𝑏  at any port 𝑗 and input 𝑎  at all other ports [Figure 5.3], and is given 
as [106] 
𝑏! = 𝑆!"𝑎!!    (5.2) 
where 𝑆!" are scattering coeﬃcients and describe the ratio of the output at a port 𝑖 and the 
input at port 𝑗, with all other ports terminated by their matched impedance. Therefore, 𝑆!" 
can be expressed mathematically as [106] 
𝑆!" = 𝑏!𝑎! !!!!,!!!    (5.3) 
In a two-port network, the relation between the output 𝑏 and the input 𝑎 can be ex-
pressed as the following matrix [106] 𝑏!𝑏! = 𝑆!! 𝑆!"𝑆!" 𝑆!! 𝑎!𝑎!    (5.4) 
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The diagonal elements in the S matrix shown in eq. (5.4) are complex amplitude re-
flection coeﬃcients. The oﬀ-diagonal elements describe the output at a port due to the in-
put at another port and are essentially transfer functions. 
 
Figure 5.3: Schematic diagram of a multi-port network used to describe S ma-
trices. Adapted from [106]. 
The T matrices, on the other hand, describe the input and the output at a given port 
in terms of those at other ports. In a two-port network [Figure 5.4 (a)], the input 𝐴 and the 
output 𝐵 at port 1 can be expressed in terms of those at port 2 in matrix formulation 
as [106], 𝐴!𝐵! = 𝑇!! 𝑇!"𝑇!" 𝑇!! 𝐴!𝐵!    (5.5) 
T matrices oﬀer greater flexibility over S matrices in designing networks with multi-
ple cascaded components. An extended network can be modelled easily using T matrices by 
simply multiplying the T matrices of the individual components [Figure 5.4 (b)]. 
a. 
 
b. 
 
Figure 5.4: (a) Schematic diagram of a two-port network used to describe the T 
matrices. (b) Schematic diagram of a cascading of two-port net-
works. Adapted from [106]. 
The S matrices, which describe the transmission and reflectance in a network, can be 
calculated from the T matrices using the conversion formula given as [106], 
𝑆 = 1𝑇!! 𝑇!" det(𝑇)1 −𝑇!"    (5.6) 
where 𝑇!" is the T matrix element at row 𝑚 and column 𝑛. 
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To describe a laser cavity, the input and the output are replaced by forward and 
backward wave, and the T matrices are formed by cascading dielectric interface and trans-
mission along the propagation path [Figure 5.5]. The dielectric interface simulates the mir-
ror facets and the propagation path simulates the gain region of the laser. The T matrix of a 
dielectric interface is given as [106], 
𝑇 = 1𝑡 1 −𝑟−𝑟 1    (5.7) 
where 𝑟 and 𝑡 are the reflectivity and the transmission at the dielectric interface and are giv-
en as [106], 
𝑟 = 𝑛! − 𝑛!𝑛! + 𝑛!   (5.8) 
where 𝑛! and 𝑛! are the eﬀective group refractive indices at the two dielectric materials. 
Assuming a lossless interface, the transmission 𝑡 is given as [106], 
𝑡 = 1− 𝑟!   (5.9) 
 
 
a. 
 
b. 
 
Figure 5.5: (a) Schematic diagram of a dielectric interface between two materi-
als with eﬀective refractive indices 𝑛!  and 𝑛! . Owing to the 
diﬀerence in refractive index, a part of the wave is reflected back 
(𝑟! and 𝑟!), as illustrated with curved arrows, and part is trans-
mitted (𝑡). (b) Schematic diagram of a transmission line of length 𝐿 with no discontinuity in the material with an eﬀective refrac-
tive index 𝑛. 
The T matrix of a transmission line with no discontinuity, with length L, is given 
as [106], 
𝑇 = exp(𝑗𝛽𝐿) 00 exp(−𝑗𝛽𝐿)    (5.10) 
where 𝛽 is the complex propagation constant and is given as [106], 
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𝛽 = 2𝜋𝑛𝜆 + 𝑗 12 (𝑔 − 𝛼!")    (5.11) 
where 𝑛 is the eﬀective refractive index, 𝜆 is the wavelength, 𝑔 is the transverse modal gain 
and 𝛼!" is the waveguide loss. 
An FP etalon is modelled by cascading a dielectric interface followed by a transmis-
sion path equalling the length of the cavity and is terminated with another dielectric inter-
face. The transmission matrix for this structure is easily obtained by multiplying the corre-
sponding matrices of the constituent elements and is given as [106] 
𝑇 = 1𝑡! 1 −𝑟−𝑟 1 exp(𝑗𝛽𝐿) 00 exp(−𝑗𝛽𝐿) 1 −𝑟−𝑟 1    (5.12) 
Solving the above equation and using eq. (5.6), the scattering matrix elements for a FP eta-
lon is calculated as [106], 
𝑆!! = 𝑆!! = −𝑟 + 𝑡!𝑟   exp(−2𝑗𝛽𝐿)1− 𝑟! exp(−2𝑗𝛽𝐿)  
(5.13) 𝑆!" = 𝑆!" = 𝑡!   exp(−2𝑗𝛽𝐿)1− 𝑟! exp(−2𝑗𝛽𝐿)  
 The magnitude and phase of the transmission and the reflectivity in the laser cavity 
can be computed from 𝑆!" and 𝑆!! respectively. As an example, the magnitude and the 
phase of reflection in a 4-mm-long laser cavity is shown in Figure 5.6. It is observed that a 
maxima of reflectivity corresponds to a phase of 𝜋 with respect to frequency. The transmis-
sion in a laser cavity can be computed similarly. The transmission spectrum in a laser cavity 
exhibits longitudinal modes that correspond to minima in the reflection spectrum. 
a. 
 
b. 
 
Figure 5.6: (a) Magnitude and (b) phase of the reflectivity calculated for a 
4-mm long loss-less laser cavity with mirror reflectivity of 
0.56 (red) and 0.9 (blue). 
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The description of a FP etalon with scattering and transmission matrices is treated as 
a framework to model complex cascaded structures, such as coupled cavities and is dis-
cussed next. 
5.2.1.1 Modelling coupled cavity QCLs 
Coupled–cavity QCLs were modelled using T matrices by cascading two FP cavities of 
length 𝐿! and 𝐿! with an air gap separation of 𝐿! between them. A schematic diagram of a 
coupled cavity is shown in Figure 5.7. Both the lasing and the tuning sections were com-
posed of the same active material and had identical eﬀective refractive indices (when both 
sections are at the same temperature). However, since the refractive index of the tuning sec-
tion was varied, the indices of the two sections are labelled diﬀerently as 𝑛! and 𝑛!. 
 
Figure 5.7: Schematic diagram of a coupled cavity QCL. Two FP cavities of 
length 𝐿! and 𝐿! formed the lasing and the tuning sections re-
spectively, and were separated by an air gap of length 𝐿!. The 
eﬀective refractive index of the lasing and the tuning sections are 𝑛! and 𝑛! respectively. The reflectivity and the transmission at 
the laser facets are indicated as 𝑟! and 𝑡! respectively. Radiation 
is collected from the front facet of the lasing section as indicated 
by the arrow. 
The group refractive index of the active material was calculated as 3.61, by substitut-
ing the longitudinal mode spacing obtained from a 3.1-mm-long reference device 
[Figure 5.8 (a)] into eq. (3.1). The eﬀective group refractive index was also calculated using 
the finite element modelling (FEM) technique, described in section 3.2.1.1. A refractive 
index of 3.62 was computed by simulating a device cross–section at 2.75 THz, which 
agrees well with the experimental value. The cross-sectional profile of the optical mode (in-
plane with the facet), simulated using COMSOL Multiphysics® is shown in Figure 5.8 (b). 
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This enabled calculation of the Fresnel reflection coeﬃcients (𝑟) used in the model, as well 
as the optical path lengths of each section. 
a. 
 
b. 
 
Figure 5.8: (a) Spectra obtained from a reference device from wafer L701 at 
7 K. Multiple FP modes were observed between 2.70 and 
2.85 THz. (b) Computed optical mode at 2.75 THz using finite 
element modelling of the device cross section with an eﬀective re-
fractive index of 3.62. The intensity distribution of the optical 
field is represented as a colour map with red being most intense 
and dark blue being least intense. 
An important criterion for designing coupled cavity QCLs is the selection of appro-
priate cavity lengths of the tuning section and the air gap. The length of the tuning section 
was selected such that it exhibited maximum reflectivity at a ‘resonant’ frequency corre-
sponding to a longitudinal FP mode of the lasing section. The section lengths were further 
constrained to multiples of half of the corresponding wavelength, 𝜆!"# in order to optimise 
the phase matching between the lasing and the tuning sections. Thus, lasing is favoured at 
the longitudinal mode (𝜆!"#) where the normalised transmission of the lasing section is 
aligned with that of the tuning section [106]. Although an air gap of 𝜆!"#/2 is optimal for 
phase matching, a gap width of 𝜆!"#/8 was used owing to limitations imposed by the fo-
cused ion beam (FIB) milling. This smaller air-gap section is expected to reduce the contin-
uous frequency tunability of the coupled cavity devices and aﬀect spurious mode suppres-
sion [106]. 
 The longitudinal modes simulated for a 2.45-mm long lasing section and a 2.30-mm 
long tuning section in a coupled cavity with a 13-µm wide air gap are shown in Figure 5.9. 
An emission from such a coupled cavity is predicted to be at 2.745 THz due to the align-
ment of the longitudinal modes in the lasing and tuning sections and the corresponding 
reduction of lasing threshold. It can also be observed that a small perturbation to the fre-
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quency of the modes in either section of the device will detune the resonance, causing the 
dominant mode of the coupled-cavity to ‘hop’ to a diﬀerent frequency, in a manner analo-
gous to the Vernier eﬀect. Perturbation of tuning modes was investigated by varying tem-
perature and localised current induced Joule heating and is discussed next. 
 
Figure 5.9: Simulated normalised transmission in a 2.45-mm-long lasing sec-
tion (blue), and in a 2.30-mm-long tuning section with a 13-µm 
wide air gap section (red). The length of each section is selected 
such that the longitudinal modes coincide at a resonant frequen-
cy of 2.745 THz (bottom panel). 
5.2.1.2 Modelling tuning of refractive index with temperature 
The eﬀect of Joule heating on the refractive index of the tuning section was incorporated in 
the model to understand the tuning behaviour in coupled cavity devices. To study the 
eﬀect of heating on the mode profile, spectra from a reference device were recorded at heat 
sink temperatures between 7 and 70 K [Figure 5.10 (a)]. The temperature tuning of indi-
vidual lasing modes d𝑓/d𝑇 (d𝜆/d𝑇) was found to be linear with respect to temperature. 
The tuning coeﬃcient was calculated to be 63 MHz/K (2.74 nm/K), corresponding to a 
4-GHz red shift as the heat-sink temperature was varied from 7 K to 70 K 
[Figure 5.10 (b)]. 
The temperature tuning of refractive index was calculated from the mode order rela-
tion, given as [188] 
𝐿 = 𝑚 𝜆2𝑛   (5.14) 
where 𝐿 is the length of the laser cavity, 𝑚 is the mode order, 𝜆 is the wavelength and 𝑛 is 
the group refractive index of the cavity. Rearranging eq. (5.14) and diﬀerentiating it with 
respect to temperature gives the temperature tuning of refractive index (d𝑛/d𝑇) in terms of d𝜆/d𝑇, as 1𝑛 d𝑛d𝑇 = 1𝜆 d𝜆d𝑇   (5.15) 
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The change in refractive index with temperature corresponding to d𝜆/d𝑇 was calcu-
lated to be 9.5  ×  10!!  K-1. The observed tuning coeﬃcient is close to a value of 2  ×  10!! K-1 reported in ref. [112] for a diﬀerent active region design [189]. The tempera-
ture tuning coeﬃcients were used in the coupled cavity model to simulate the tuning of 
refractive index in the tuning section.  
a. 
 
b. 
 
Figure 5.10: (a) Spectra obtained from a reference device from wafer L701 at 
diﬀerent heat-sink temperatures. (b) Modes exhibit a red shift of 
4 GHz as the heat sink temperature was increased from 7 K to 
70 K. 
Although, a change in the refractive index is achieved by varying the heat-sink tem-
perature, it was not used as a means of control in the chosen design. This is because the 
coupled cavity structure was fabricated on a monolithic laser cavity, and therefore, chang-
ing the heat-sink temperature would change the refractive indices in both the lasing and the 
tuning sections. Thus, changing the heat-sink temperature impedes selective variation of 
refractive index at the tuning section. Additionally, the emitted power from THz QCLs 
degrades significantly as the heat-sink temperature in the lasing section is increased [66]. 
Instead, wide current pulses were used to induce localised Joule heating, and to change re-
fractive index selectively in the tuning section only.  The following section describes a bulk 
thermal model used to predict electrical heating eﬀects in QCL sections. 
5.2.1.3 Current induced Joule heating of tuning section 
Current pulses wider than the thermal equilibration time of the QCL were used to heat the 
tuning section of the coupled cavity devices to attain a steady state temperature. The steady 
state temperature change ∆𝑇 is calculated from the thermal resistance of the QCL (𝑅!!) 
and is given as [190] 
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∆𝑇 = 𝑅!!𝑉!𝐼!   (5.16) 
where 𝑉! and 𝐼! are the voltage and current in the tuning section. The thermal resistance 
depends on the dimensions of the laser ridge. As such, the normalized thermal resistance, 
which is calculated from the area (𝐴) and the thickness (𝑑) of the QCL ridge, is better suit-
ed to evaluate the thermal behaviour of a QCL wafer. The normalised thermal resistance is 
expressed as [191] 
𝑅!!∗ = 𝑅!!𝐴𝑑    (5.17) 
The thermal behaviour of QCL ridges was studied by measuring the output power as 
a function of heat-sink temperature and duty cycle [Figure 5.11 (a)]. First, the optical pow-
er emitted from the device was recorded at a range of duty cycles of the current pulses with 
a constant heat-sink temperature of 10 K being maintained throughout. Similar measure-
ments were then recorded at range of heat-sink temperatures with a constant duty cycle of 
2%. By comparing the output powers under these diﬀerent driving conditions, it was pos-
sible to infer the internal temperature of the QCL as a function of the electrical duty cycle, 
as shown in Figure 5.11 (b). The thermal resistance 𝑅!!, was calculated from the slope of 
Figure 5.11 (b), as described in ref. [151] as 9.92 K/W, for a maximum input power of 
6 W. This agrees well with the value reported in [151,192]. The normalised thermal re-
sistance was calculated from the QCL ridge dimensions as 31.7 Kcm/W. A similar normal-
ised thermal resistance for a QCL with an identical active region design and with a single 
metal waveguide was reported in ref. [193]. 
a. 
 
b. 
 
Figure 5.11: (a) Peak output measured in the lockin amplifier as a function of 
heat sink temperature and duty cycle. (b) Change in temperature 
as a function of duty cycle and input tuning power. 
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The maximum change in temperature (∆𝑇!"#) in the tuning section was calculated 
using eq. (5.16) and (5.17), with a maximum input electrical power (𝑉!𝐼!) of 5–6 W for 
the designed tuning section. The corresponding change in refractive index in the tuning 
section was calculated by multiplying the temperature-tuning coeﬃcient (d𝑛 d𝑇 ) by ∆𝑇!"#. This tuning behaviour was then incorporated into the model of the coupled cavity 
device, enabling the longitudinal modes in the tuning section to be calculated as a function 
of the input tuning power.  
The alignment of longitudinal modes in the lasing and tuning sections was calculated 
for a range of tuning currents (or equivalently, input powers in the tuning section). For the 
device shown in Figure 5.9, the change in alignment of the longitudinal modes is shown in 
Figure 5.12. With an increase in tuning current, the alignment shifted and lasing is fa-
voured at the frequencies indicated by arrows. 
The model was used to simulate various coupled cavity device geometries to optimise 
the tuning range and the frequency spacing, and is discussed next. 
 
Figure 5.12: Simulated normalized transmission in the lasing section (blue) and 
in the tuning sections (red) of the device. The length of each sec-
tion is selected such that the longitudinal modes coincide at a 
resonant frequency of 2.745 THz (bottom panel). Illustration of 
the shift in the resonant frequency as the refractive index of the 
tuning section is perturbed (middle and top panel). The domi-
nant mode of the coupled cavity, indicated by a black arrow in 
each case, shifts to a higher frequency. 
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5.3 Designing coupled cavity QCLs 
The transfer-matrix-based coupled-cavity model and the bulk thermal model of refractive 
index perturbation were used to design coupled cavity QCLs. The gain bandwidth of the 
wafer, obtained experimentally from unsegmented devices before FIB milling, was also in-
cluded in the coupled cavity model for a better estimation of frequency hopping. To illus-
trate the frequency tuning, the normalised product of the longitudinal modes at the lasing 
and the tuning sections was plotted as a function of the applied input electrical power at 
the tuning section. The maxima of this product illustrate a complete modal alignment and 
consequently the emission frequency with the lowest lasing threshold. This simple design 
paradigm enables flexibility in designing the range and direction of the frequency tuning. 
Two variations of the coupled geometry were designed. 
1. Frequency mode hopping between adjacent modes in the lasing section. 
2. Frequency mode hopping between alternate modes in the lasing section. 
5.3.1 Design 1: Mode hopping between adjacent modes 
The first design investigated the possibility of frequency hopping between adjacent modes 
in the lasing section. The primary requirement for this design was choosing lasing and tun-
ing sections of comparable lengths, with a diﬀerence of a few half wavelengths (𝜆!"#/2). 
This results in longitudinal FP modes in the lasing and tuning sections with similar mode 
spacing. Thus, with careful perturbation of the refractive index in the tuning section, the 
emission frequency of the coupled cavity device is predicted to hop progressively between 
adjacent modes of the lasing section [Figure 5.13]. In this design, the discrete-tuning reso-
lution is equal to the FP mode spacing of the lasing section. 
A coupled cavity device with a 2.45-mm-long lasing section and a 2.30-mm-long 
tuning section separated by a 13-µm wide air gap was used in this design, identical to the 
design presented in Figure 5.9 and Figure 5.12. However, the gain bandwidth of the wafer 
was also included in the model for a more accurate prediction of the frequency tuning 
range.  
The thermal resistance of the tuning section was calculated from the normalised 
thermal resistance to be 𝑅!! ≈ 9.92 K/W. A tuning power of ~5 W (corresponding to a 
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sub-threshold tuning current of ~1 A) was used to model the perturbation of the refractive 
index in the tuning section, which corresponded to a temperature change 𝛥𝑇 ~ 50 K. Sim-
ulations predict a blue shift in frequency from ~2.74 to ~2.81 THz with a mode spacing of 
~15 GHz, as the shorter section is heated by ~5.5 W input power [Figure 5.13 (a)].  
The coupled cavity design discussed so far assumed the tuning section to be the 
shorter cavity. Since the dimensions of the coupled cavities were nearly identical, this de-
sign allowed swapping the functions of the lasing and the tuning sections. Thus, the longer 
cavity formed the tuning section and the shorter cavity formed the lasing cavity in this ‘al-
ternate’ arrangement. Since, the length of both lasing and tuning direction were compara-
ble, laser performance parameters like power, gain, waveguide losses etc. were identical in 
both sections. Thus, it was estimated that alternating between the lasing and tuning sec-
tions would not aﬀect overall performance (i.e. threshold current and power) of the device. 
By swapping the function of the lasing and tuning sections, the direction of the simu-
lated mode-hopping was reversed. A red shift in frequency from ~2.75 to ~2.70 THz was 
predicted when the shorter section serves as the lasing section [Figure 5.13 (b)], with the 
same mode spacing as in the original configuration.  
a. 
 
b. 
 
Figure 5.13: Simulated transmission spectra of design 1 as a function of heat-
induced shift of longitudinal modes in the tuning section only. 
(a) blue shift of frequency induced by heating the shorter cavity, 
(b) red shift of frequency induced by heating the longer cavity. 
5.3.2 Design 2: Mode hopping between alternate modes 
The second design investigated the possibility of hopping between alternate modes of the 
lasing section. The underlying principle for this design was to select cavity lengths such that 
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the separation between transmission modes in the tuning section was almost twice than 
that in the lasing section. Hence, the modes of the tuning section are designed to coincide 
with alternate modes of the lasing section, and the emission frequency of the coupled-cavity 
device was predicted to hop accordingly as the electrical power delivered to the tuning sec-
tion is varied. A greater tuning range is predicted for this design, but with increased fre-
quency spacing between the lasing modes. 
In this second design, the length of the lasing section (3.4 mm) was chosen to be al-
most twice that of the tuning section (1.5 mm). As shown in Figure 5.14 (a), the simulated 
emission frequency hops from ~2.75–2.83 THz in ~25-GHz steps as the shorter section is 
heated. As in design 1, the measured normalized thermal resistance 𝑅!!∗ ≈   31.7 Kcm/W 
was used in these simulations. 
The possibility of changing the tuning direction by swapping the functions of the las-
ing and the tuning sections was also investigated for this design. A red shift from 2.77 to 
2.70 THz is predicted when the longer section serves as the tuning section 
[Figure 5.14 (b)]. However, since the cavity lengths were diﬀerent in this design, device 
parameters like gain and emitted power depend on the dimensions of the lasing section. In 
fact, it was observed in reference devices from L701 that the gain bandwidth was reduced 
and shifted to higher frequencies as the cavity length was reduced below 1.5 mm. Thus, the 
predicted shift with the shorter section as the lasing section might be misrepresentative.  
a. 
 
b. 
 
Figure 5.14: Simulated transmission spectra of design 2 as a function of the 
heat-induced shift of longitudinal modes in the tuning section 
only. (a) blue shift of frequency induced by heating the shorter 
cavity, (b) red shift of frequency induced by heating the longer 
cavity. 
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5.4 Fabrication 
THz QCLs with a single-plasmon waveguide were fabricated following identical procedures 
as those described in section 2.2. Devices of precise lengths calculated using the scattering 
matrix model were cleaved using an automated scriber. The cleaved devices had no air gap 
sections and were essentially long standard devices. The packaging of these devices was 
diﬀerent from standard QCLs. While a standard QCL package housed two devices in a 
single Cu mount, only a single coupled-cavity device was soldered onto each mount. This 
was done to independently connect the lasing and the tuning sections using the available 
packaging design. Wires from the same ridge were bonded into two thermally isolated ce-
ramic pads to enable independent electrical control after milling the air gap using FIB. A 
schematic of the device packaging and electrical connections is shown in Figure 5.15.  
The device fabricated with design 1 specification was packaged following the scheme 
shown in Figure 5.15. However, the ceramic pad for the ground connection was not used 
in the packaging for the device with design 2 specification. Instead, ground connections 
were made directly on the Cu block. This allowed THz power to be collected from the 
outward facets of both cavities. This packaging facilitated better evaluation of device charac-
teristics when the lasing and tuning cavities were swapped. 
 
Figure 5.15: Schematic illustration of the packaging and physical connection 
scheme of a coupled cavity THz QCL. 
A FIB milling process was used to sculpt air gaps of precise dimensions. An etch 
depth of 12 µm was used for all devices to ensure complete electrical isolation of the lasing 
and the tuning sections. SEM of a device before and after FIB milling are shown in 
Figure 5.16. A high ion-beam current was required to etch the 12-µm-deep air cavities. 
Chapter 5. Discrete Vernier tuning using coupled cavity QCLs 127 
 
   
However, since the coupled-cavity devices required high quality facets to minimise mirror 
losses, the milling current was optimised to minimise damage to etched facets. An ion beam 
current of 7 nA was selected for the milling process as a trade-oﬀ between high quality fac-
ets and long etching times (extending over 3 hours). Micrographs of the facets obtained by 
FIB milling are shown in Figure 5.17, and are compared with those obtained from scribing. 
The milled facets did not exhibit significant visible damage and visually compared well with 
the scribed facets. However, surface irregularities were observed due to re-deposition of the 
etched material and vertical impressions resulting from the etching process 
[Figure 5.17 (c)]. 
a. 
 
b. 
 
Figure 5.16: Scanning electron microscopy of a THz QCL ridge (a) before and 
(b) after FIB milling. Etch marks to determine precise cavity 
lengths are visible above the etched air gap. 
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a. 
 
b. 
 
c. 
 
Figure 5.17: Scanning electron microscopy of (a) FIB milled facet, (b) scribed 
facet and (c) FIB milled facet at higher magnification. Redeposi-
tion of the etched material along the milled surface is evident at 
higher magnification. The milling process also resulted in vertical 
impressions along the surface of the milled facet. 
A list of fabricated devices is tabulated in Table 5.1. 
Table 5.1: List of processed coupled cavity THz QCLs. 
Device 
Number 
Device 
Unique ID 
Lasing 
Cavity (mm) 
Tuning 
Cavity (mm) 
Air 
Gap (µm) Mode spacing 
5A L701-S21-D1 2.446 2.305 13.39 Adjacent  
5B L701-S21-D3 3.380 1.570 16.67 Alternate  
5.5 Experimental setup 
The coupled-cavity devices obtained after FIB milling were characterised using a continu-
ous train of current pulses as the electrical input. While the experimental setup described in 
section 2.3.1 was optimised for eﬃcient thermal extraction from QCLs, the setup used for 
this study was modified to heat the tuning section deliberately. As such, the frequency of 
the current pulses supplied to the lasing and tuning sections were modified. Instead of a 
165 Hz gating pulse, a reference frequency of 600 Hz was used to trigger the lasing and 
tuning pulses. The tuning section of the laser was heated using a train of 10-µs−long cur-
rent pulses at a repetition rate of 8.21 kHz. This frequency was optimised to the Bolometer 
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detector responsivity. A second pulse generator was used to drive the lasing section above 
threshold using single 500–ns-long pulses, which were triggered using the same 600-Hz 
reference. Under these driving conditions, the laser driving pulse was much shorter than 
both the duration of the tuning pulse and the intra-pulse thermal time-constant of the 
QCL (1–2 µs) [192]. As such, the temperature of the tuning section was kept approximate-
ly constant over the duration of the lasing pulse. This allowed the spectrum of the laser to 
be measured while the temperature of tuning section was controlled. 
Spectral measurements were performed using the same FTIR spectrometer and 
Ge:Ga bolometric detector, described in section 2.3. The lock-in amplifier used to recover 
the signal from the detector was synchronised with the lasing pulses. The tuning pulses and 
all associated electronic systems were synchronised with the 600-Hz reference frequency. 
The experimental setup used for the spectral characterisation of coupled cavity QCLs is 
shown in Figure 5.18. 
 
Figure 5.18: Schematic diagram of the experimental setup for measuring spec-
tra from a coupled cavity QCL. 
Two approaches to controlling the electrical heating of the tuning section and its 
eﬀect on the emission spectrum of the device were explored. In the first instance, the delay 
between the start of the tuning section pulse and the shorter lasing pulse was varied, with 
the amplitude of the tuning pulse being kept constant. In pulsed operation, the tempera-
ture of the active region evolves with time and increases progressively before reaching a 
thermal equilibrium [194]. A steady-state temperature of the tuning section is expected to 
be reached with a 1–2-µs intra-pulse thermal time-constant [192].  Thus, the 10-µs-wide 
tuning pulses ensured thermal equilibration. A similar gradual decline in temperature is also 
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observed after the pulse oﬀ state. Hence, the first measurement technique allows the instan-
taneous spectrum to be sampled (in the time domain) as the temperature of the tuning sec-
tion varied [Figure 5.19]. 
In the second approach, the amplitude of the tuning-section pulse was varied (while 
maintaining currents below the lasing threshold). The delay between the lasing and tuning 
pulses was kept constant at 8 µs, so as to reach a thermal equilibrium in the tuning section 
before the laser was switched on. This allowed greater control over the heating of the tuning 
section. Through these two approaches, both the dynamic and steady state thermal response 
of the device could be investigated. 
 
Figure 5.19: Schematic diagram of a wide tuning pulse and the resulting tem-
perature profile at the tuning section. Time-resolved sampling of 
the laser performance is achieved by systematically varying the 
delay between the wide tuning pulse and the narrow laser pulse 
over the duration of the thermal transients. 
5.6 Experimental results 
5.6.1 Electrical characterisation 
LIV characteristics were obtained independently from each section [Figure 5.20 (a, b)] of 
coupled-cavity device 5A, while keeping the other section unbiased. The LIV characteristics 
obtained before FIB milling are also shown in Figure 5.20 (c). The THz power emitted 
from each section of device 5A was lower than that obtained before milling, owing to the 
reduced cavity length. The individual sections exhibited identical threshold current densi-
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ties, which were comparable with that observed before FIB milling. Similar behaviour was 
observed for device 5B. The THz power emitted from both sections was comparable in the 
device designed for adjacent mode-hopping (device 5A). However, in the device designed 
for alternate mode hopping (device 5B), the power emitted from the shorter section was 
lower than that in the longer section. 
a. 
 
b. 
 
c. 
 
Figure 5.20: LIV characteristics obtained at diﬀerent heat-sink temperatures af-
ter FIB milling (device 5A): (a) longer and (b) shorter sections of 
comparable lengths. (c) LIV characteristics obtained before FIB 
milling. 
5.6.1.1 THz power stability 
An important aspect of our coupled-cavity approach is that the emitted power remains con-
stant as the tuning power is varied, as shown in Figure 5.21. In conventional devices, the 
change in lasing frequency is accomplished through control of the laser driving current, 
which also leads to significant changes in the emitted power. Conversely, in our coupled-
cavity devices, the tuning is accomplished through adjusting the bias on the tuning-section 
while the lasing section bias is kept constant. As such, the eﬀect on the gain of the device is 
very weak. 
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Power emitted from the lasing section was characterised using a range of tuning sec-
tion currents. The emitted power varied within a few tens of microwatts with respect to 
tuning current while the lasing section current was kept constant. This variation is within 
the tolerance limits of the bolometric detection system and could be caused by external in-
fluences independent of device configuration. The variation of the emitted power as a func-
tion of tuning section current from device 5A is shown in Figure 5.21. A similar behaviour 
was also observed in device 5B.  
a. 
 
b. 
 
Figure 5.21: (a) Light–current (LI) characteristics of the lasing section. 
(b) Variation of the emitted power from the lasing section as a 
function of current in the tuning section. Data from device 5A. 
5.6.2 Spectral characterisation 
5.6.2.1 Device 5A: Design 1 
The device was initially characterised with the shorter cavity as tuning section and the long-
er section as the lasing section. The device was subsequently characterised by swapping the 
functions of the lasing and the tuning sections with the shorter cavity as the lasing section, 
so as to reverse the direction of the frequency shifting. 
5.6.2.1.1 Shorter cavity as the tuning section 
A reduced emission bandwidth in the range of 2.75–2.80 THz was observed after FIB mill-
ing (compared with 2.70–2.85 THz in the single-ridge device). This reduction is likely to 
be caused by an increase in mirror losses arising from the roughened facets of the milled 
gap [195]. 
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The amplitudes of the tuning and lasing pulses were initially set as 800 mA (corre-
sponding to a tuning power of 3.85 W) and 1.53 A, respectively. As the lasing pulse was 
delayed relative to the rising edge of the tuning pulse, the emission was observed to hop 
from 2.755 THz to 2.770 THz, before reaching a steady-state value of 2.785 THz for de-
lays greater than ~100 ns [Figure 5.22 (a)]. When the lasing pulse was delayed beyond the 
trailing edge of the tuning pulse, the emission hopped back to 2.755 THz. The weighted 
average of the emission frequency, revealing the mean power distribution amongst the las-
ing modes, plotted as a function of the delay, maps these spectral transitions, as shown in 
Figure 5.22 (b). The observed behaviour is due to the dynamic heating and cooling of the 
tuning section in response to the wide heating pulse, which results in a temporal variation 
of the refractive index. As can be seen, a short thermal equilibration time (<1 µs) is ob-
served, which is consistent with the 1–2-µs intra-pulse thermal time-constants previously 
reported for THz QCLs [192]. 
In the second measurement approach, the amplitude of the tuning pulse was varied, 
while the time-delay was fixed at 8 µs to ensure thermal equilibration of the tuning section. 
Single-mode emission was observed at 2.755 THz by applying a current of 1.53 A to the 
lasing section only [Figure 5.22 (c)]. As the tuning power was increased above ~600 mW, a 
second mode was observed at ~2.770 THz, with the power distribution shifting progres-
sively to the higher frequency mode as the tuning power is increased. At higher tuning 
power, further modes at 2.785 THz and 2.800 THz were observed. This observed hopping 
between modes spaced by 15 GHz, over a ~50-GHz bandwidth, matches closely the simu-
lated behaviour [Figure 5.13 (a)].  
The weighted average of the measured emission frequency increased monotonically 
with respect to the tuning power [Figure 5.22 (d)]. A value of d𝑓/d𝑃 = 8.3 GHz/W was 
obtained from the linear fit to the data. Based on the normalized thermal resistance 
(𝑅!!∗ ≈ 31.7  Kcm/W), a frequency tuning of the coupled cavity was calculated as d𝑓/d𝑇 = 840 MHz/K, which was much higher than the frequency tuning of a standard 
device d𝑓/d𝑇 = 63 MHz/K. The corresponding variation of the weighted emission fre-
quency with tuning power obtained from the simulation is also shown in Figure 5.22 (d). 
Despite the simulation accounting for neither Joule heating within the lasing section, nor 
heat conduction between the two sections of the device, an excellent agreement between 
the simulated and the experimental behaviour is observed. 
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a. 
 
b. 
 
c. 
 
d. 
 
Figure 5.22: Experimental data obtained from device 5A, with tuning power 
applied to the short tuning section. (a) Spectral evolution and 
(b) weighted mean of spectral power density (SPD), as a function 
of the delay between the lasing and tuning pulses, as the former is 
scanned through the wider tuning pulse. The horizontal line in 
(b) shows the mean SPD when no current is applied to the tun-
ing section, and serves as a reference. (c) Spectral evolution as 
tuning power amplitude varies. (d) Weighted mean of the SPD 
from experimental and simulated data shown in Figure 5.13 (a), 
as a function of tuning power. Error bars in the experimental da-
ta correspond to weighted standard deviation. 
5.6.2.1.2 Longer cavity as the tuning section 
The device was characterised following identical procedures but with the longer cavity as 
the tuning section. However, owing to limitations of the device packaging, emission was 
collected from the facet of the longer cavity. A red shift of frequency was observed in this 
alternate configuration, as predicted by the simulated model. 
Emission with a dominant frequency of 2.78 THz and additional peaks at 2.795 and 
7.65 THz was observed when no tuning current was applied. This multi-mode emission 
can result from an additional optical path introduced by longer tuning section from where 
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radiation was collected and the shorter air gap, which aﬀects the spurious mode suppres-
sion. 
The amplitudes of the tuning and lasing pulses were initially set as 720 mA and 
1.35 A, respectively. As the lasing pulse was delayed relative to the rising edge of the tuning 
pulse, a single mode emission was observed at 2.765 THz for delays greater than ~100 ns 
[Figure 5.23 (a)]. When the lasing pulse was delayed beyond the trailing edge of the tuning 
pulse, the emission reverted back to the multiple mode emission with a dominant peak at 
2.78 THz. The gradual red shift of frequency was observed from the weighted average of 
emission [Figure 5.23 (b)]. 
Similarly, as the power in the tuning section is increased, the spectral power distribu-
tion red-shifts towards the 2.765-THz mode, and single mode emission at this frequency is 
attained at a tuning power of ~2.3 W [Figure 5.23 (c)]. The weighted average of the emis-
sion frequency is shown in Figure 5.23 (d), revealing a red shift in frequency as the tuning 
power increases. A tuning coeﬃcient d𝑓/d𝑇   ≈    – 817 MHz/K is obtained from this data. 
Note that this is similar (but with the opposite sign) to the result with the opposite configu-
ration.  
Although the tuning bandwidth obtained is narrow in this alternate configuration 
with the longer cavity as tuning section, this still acts as a proof-of-concept that the tuning 
direction can be changed by switching cavities. Such a design can be optimised further to 
extend the tuning range. 
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Figure 5.23: Experimental data obtained from device 5A, with tuning power 
applied to the longer section. (a) Spectral evolution and 
(b) weighted mean of SPD, as a function of the delay between 
the lasing and tuning pulses, as the former is scanned through the 
wider tuning pulse. The horizontal line in (b) shows the mean 
SPD when no current is applied to the tuning section, and serves 
as a reference. (c) Spectral evolution with applied tuning power at 
the longer tuning section. (d) Weighted mean of the SPD as a 
function of the tuning power. Error bars in the experimental data 
correspond to weighted standard deviation. 
5.6.2.2 Device 5B: Design 2 
The second device (device 5B) was characterised following identical procedures, with the 
longer cavity as the lasing section. In this device, the spectral evolution with tuning power 
was studied by varying the amplitude of the tuning power only. 
5.6.2.2.1 Shorter cavity as the tuning section 
Initially, the long section was used as the lasing section and the short section as the tuning 
section. The frequency spacing between the longitudinal modes of the tuning section in this 
configuration (~30 GHz) was almost twice that of device 5A (15 GHz), and more than 
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twice the mode spacing (12 GHz) expected for the 3.4-mm-long lasing section alone. As 
shown in Figure 5.24 (a), mode hopping from 2.740 THz (with no applied tuning power) 
to 2.825 THz was observed as the tuning power was increased, with intermediate mode 
hopping to 2.770 and 2.800 THz. This hopping observed between modes spaced by 
~30 GHz over a range of ~85 GHz agrees well with simulations, which reveal hopping be-
tween alternate longitudinal modes of the lasing section as the tuning power is increased 
[Figure 5.14 (a)]. This increase in frequency spacing arises from the >2 ratio of the section 
lengths in this design. A value of d𝑓/d𝑃   = 12.5 GHz/W was calculated from the linear fit 
to weighted mean SPD [Figure 5.24 (b)]. 
a. 
 
b. 
 
Figure 5.24: Experimental data obtained from device 5B with the shorter cavity 
as the tuning section. (a) Blue-shift of spectrum and (b) the mean 
SPD with a constant lasing section current of 2.03 A, when the 
tuning power is varied in the shorter section. Error bars indicate 
weighted standard deviation of the spectral distribution. 
5.6.2.2.2 Longer cavity as the tuning section 
Spectra were acquired by alternating the lasing and tuning sections to use the shorter cavity 
as the lasing section. Single-mode emission at 2.825 THz was observed in the absence of 
tuning current. By alternating the lasing and tuning sections, a red shift of 30 GHz from 
2.825 THz to 2.795 THz was observed as the tuning power was increased [Figure 5.25]. It 
has been observed experimentally that devices with lengths shorter than ~1.5 mm lased 
predominantly at higher frequencies (~2.78–2.85 THz) for this wafer. Thus, the red-shift 
tuning range predicted by the simulations (2.77–2.70 THz) may be misrepresentative, with 
the actual red-shift being observed only within the lasing range of the shorter section (i.e. 
~2.78– 2.85 THz). Reversal of the tuning direction could be better evaluated in a wafer 
with a broader emission range. 
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Figure 5.25: Experimental data obtained from device 5B with the longer cavity 
as the tuning section. (a) Red shift of spectrum and (b) the mean 
SPD with a constant lasing-section current of 0.95 A, when the 
tuning power is varied in the shorter section. Error bars indicate 
weighted standard deviation of the spectral distribution. 
5.7 Summary 
Discrete Vernier tuning of frequency using coupled cavity THz QCLs was investigated in 
this study. A simple two-cavity device separated by an air gap was used. One of the two 
cavities formed the lasing section and was driven above the lasing threshold. The second 
cavity, the tuning section, was used as an electrical control and was driven below the lasing 
threshold. Frequency tuning was investigated by perturbing the refractive index in the tun-
ing section through localised current induced Joule heating. 
Emission from the coupled cavity device was simulated using a transfer matrix based 
model. Normalised transmission through the lasing and the tuning section were calculated 
using this coupled model. Emission was predicted where a complete alignment of the longi-
tudinal modes in the lasing and the tuning sections was obtained due to the lowering of 
lasing threshold. Two coupled cavity designs were implemented in which the laser cavity 
was split into two sections with approximate length ratios of either 1:1 or 2:1. Mode-
spacings in these designs were predicted to correspond to adjacent or alternate FP modes in 
the lasing section, respectively. A reversal in tuning direction was predicted by swapping the 
functions of the lasing and the tuning section. 
Coupled cavity devices were fabricated from a monolithic long THz QCL ridge with 
a single plasmon waveguide. An air gap separation was etched using a FIB milling system 
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after device packaging and initial characterisation. Due to the limitation imposed by the 
FIB workstation a narrow air gap was sculpted. 
Discrete tuning of 50 and 80 GHz with a blue shift of frequency has been demon-
strated from the fabricated devices. A red shift of around 20 and 30 GHz have been ob-
served from the same devices by swapping lasing and tuning sections. The mode-spacings in 
the two devices were measured to be ~15 GHz and 27 GHz respectively, thus demonstrat-
ing frequency selectivity between adjacent or alternate FP modes in the lasing section. Ad-
ditionally, power emission from lasing cavity was unaﬀected by the tuning. The flexible de-
sign methodology can be optimised further to extend the tuning range. A QCL active re-
gion with a wide bandwidth, such as the design reported in [85], could be used to obtain a 
larger tuning range. 
The coupled cavity design also oﬀers the possibility of further optimisation to obtain 
continuous tuning. An eﬀort in this direction is discussed in the following chapter. 
 
 
   
 
 
   
Chapter 6  
  
Continuous tuning using coupled cavi-
ty QCLs 
6.1 Introduction 
Continuous tuning of terahertz (THz) quantum cascade lasers (QCLs) is an essential re-
quirement for applications such as gas spectroscopy and heterodyne mixing [196–199]. 
Continuously tunable THz QCLs with a tuning range of around 25 GHz have been 
demonstrated by a combination of nitrogen condensation and deposition of dielectric ma-
terials on a third order DFB THz QCL [173]. However, a major limitation of this tech-
nique is the slow condensation/evaporation of nitrogen gas. Also, the deposition of dielec-
tric material on the QCL ridge is an irreversible process. An electrically-controlled continu-
ously tunable THz QCL is more suited to real world applications. An alternative approach 
based on an electrically-controlled discrete mode hopping of a THz QCL has been demon-
strated using aperiodic photonic gratings in ref. [174]. These devices also allow fine contin-
uous tuning of around 2-3 GHz. A similar range of continuous tuning of frequency was 
observed in THz QCLs with PLs by varying the heat sink temperature [Figure 3.18 (b)]. 
This chapter describes continuous tuning of frequency using coupled cavity THz 
QCLs. This technique is a modification of the discrete Vernier tuning mechanism described 
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in Chapter 5. The underlying design principle used in this study is identical to that de-
scribed for discrete Vernier tuning. However, the devices were designed to reduce complete 
alignment of longitudinal modes between the lasing and tuning sections. These ‘detuned’ 
cavities operate on the partial alignment of longitudinal modes at the lasing and the tuning 
sections, allowing quasi-continuous frequency tunability between discrete Vernier modes. 
In a second approach, devices were also fabricated featuring frequency selective struc-
tures like photonic lattices (PLs) to suppress discrete mode transitions. The PLs were pat-
terned in the longer lasing section after packaging using focussed ion beam (FIB) milling. 
This post–packaging milling allowed device characterisation after each stage of processing. 
This allowed better evaluation of device performance and imparted flexibility in the design-
ing of the PLs. 
The PLs were designed to suppress multiple-mode hopping by introducing a stop 
band. Continuous tuning in this case was expected at modes at the edges of the stop band. 
Additionally, PLs with a central 𝜆/4–shifted element were also investigated. The 𝜆/4-
shifted PL introduced a lasing mode at the centre of the stop band, at the Bragg frequency. 
Thus, a PL with a Bragg frequency at one of the Fabry–Pérot modes in the lasing section 
would exhibit an enhanced continuous tuning compared with that of a uniform PL. 
Continuous frequency tuning using a detuned coupled cavity is described first. The 
premise for a detuned coupled cavity optimised for quasi–continuous tuning is discussed, 
followed by designing of two detuned coupled cavity designs. The experimental results ob-
tained from the devices were compared with the simulated result. 
In the second design, PLs were designed following identical procedure described in 
section 3.2. PLs with uniformly spaced gratings and with a central 𝜆/4 element were de-
signed. The stopband in the PLs were calculated from dispersion relation of the grating as 
well as a transfer matrix based network model. The eﬀect of the PLs on the discrete mode 
hopping was modelled to predict frequency tuning. PLs were fabricated on coupled cavity 
devices, which were previously characterised to study discrete hopping. A focussed ion 
beam (FIB) milling system was used to pattern the PL gratings on the longer cavity section. 
Devices were subsequently characterised and their results compared with the simulation. 
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6.2 Quasi–continuous tuning using detuned coupled 
cavity QCLs 
6.2.1 Theory of detuned coupled cavity QCLs 
The coupled cavity designs discussed in the previous chapter were optimised to obtain a 
complete alignment of longitudinal modes in the lasing and the tuning sections at a reso-
nant frequency. Emission was favoured in this resonant frequency due to the lower lasing 
threshold. A current induced perturbation of the refractive index resulted in a change in the 
longitudinal modes in the tuning section. The cavity lengths were chosen such that this in-
dex perturbation resulted in a progressive shift in the resonant frequency analogous to a 
Vernier tuning. This tuning mechanism is illustrated in Figure 6.1, where the longitudinal 
modes in the lasing and the tuning sections are plotted as the tuning current is increased. 
A closer inspection of the longitudinal modes in Figure 6.1 reveals that increasing the 
tuning current shifts the longitudinal modes in the tuning section. This detunes the initial 
resonance at 2.755 THz and results in partial alignment of modes (Figure 6.1, red coloured 
box region). In fact, this transition from a complete alignment to a misaligned state and 
vice versa exists at all modes (Figure 6.1, blue, green and black coloured box regions for 
discrete modes at 2.78, 2.805 and 2.825 THz respectively). 
The detuned coupled cavity design aims to disrupt this step–wise shift in resonance 
that facilitated the discrete Vernier tuning. Instead, the cavity lengths are modified to attain 
‘partial alignment’ of longitudinal modes at the two cavities. In the absence of complete 
alignment, the lasing threshold is lowered where there is a greater overlap between the 
modes. Quasi-continuous tuning is then obtained from such designs by changing the fre-
quency at which this partial alignment of the longitudinal modes occurs by varying both 
the lasing and tuning current.  
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Figure 6.1: Normalised transmission in a coupled cavity device with a 3.4-mm 
long lasing section (red), 1.5-mm long tuning section (blue) and 
a 16-µm wide air gap (design 2, Chapter 5). The coupled cavity 
has a resonant frequency of 2.755 THz when no tuning current 
is applied (bottom panel). Increasing the tuning current changes 
refractive index of the tuning section and shifts the alignment as 
indicated by arrows (top three panels, tuning current is increased 
to a maximum bias in the top panel). The shift of alignment re-
sults in partially aligned detuned states. The misalignments of the 
longitudinal modes are highlighted in coloured rectangle boxes. 
The longitudinal modes at the lasing and the tuning section in such a detuned device 
are simulated using the cascaded transfer matrix model discussed in section 5.3. The nor-
malised transmission in such a device is shown in Figure 6.2. A change in the longitudinal 
mode of the tuning section is simulated by varying the heating current. However, the shift 
in the alignment does not follow the progressive shift in resonance as observed in devices 
for discrete Vernier tuning. In such detuned coupled cavity devices, greater control over 
alignment can be achieved by perturbing the refractive index in both lasing and tuning sec-
tions. In this study the longitudinal modes at the two sections were controlled simultane-
ously by varying the drive currents as well as the heat sink temperature. Two detuned cou-
pled cavity devices were designed following this principle, and are discussed next. 
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Figure 6.2: Normalised transmission in a detuned coupled cavity device with a 
3.6 mm long lasing section (red) and 1.3 mm long tuning section 
(blue). The longitudinal modes at the lasing and tuning sections 
are partially aligned. The modes with maximum longitudinal 
mode overlap are marked with arrows. Increasing tuning current 
does not result in a monotonic shift in resonance.  
6.2.1.1 Detuned coupled cavity design 
Cavity lengths were chosen such that the longitudinal mode spacing at the tuning section 
was more than twice as much as that in the lasing section, as is evident from longitudinal 
modes in Figure 6.2. Initially, the alignment of longitudinal modes was simulated, as a 
function of the change in the tuning section current (with a constant lasing section current) 
and the lasing section current (with constant tuning section current), at constant heat sink 
temperature.  
A detuned coupled cavity device from L701 (Design 1) was designed with a 
2.96-mm long lasing section and a 1.65-mm long tuning section. The two sections were 
separated by a 13.73-µm wide air gap. A complete alignment of longitudinal modes was 
observed at ~2.75 and 2.78 THz when the current was varied at the tuning section only,  
[Figure 6.3 (a)]. Partial alignment of longitudinal modes is evident where the amplitude of 
the transmission intensity is less than unity but greater than zero. The salient feature of this 
design was the possibility of selecting diﬀerent frequencies, where the alignment of longitu-
dinal modes from lasing and tuning sections were comparable. For example, heating the 
tuning section with input power of ~10–12 W results in identical alignment of longitudinal 
modes at 2.75, 2.765, 2.78 and 2.795 THz. By carefully controlling the current in the tun-
ing section, each mode can be selected. 
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A similar behaviour was observed when the current was varied at the lasing section 
only, with a constant tuning section current [Figure 6.3 (b)]. In this case, complete align-
ment of longitudinal modes was observed at ~2.78 and 2.76 THz. With a lasing section 
heating of ~6–8 W, longitudinal modes with identical alignment were observed at ~2.725, 
2.75, 2.76, 2.79 and 2.81 THz. 
a. 
 
b. 
 
Detuned Design 1 
Figure 6.3: Normalised product of transmission at lasing and tuning section as 
a function of heating power. Results from a detuned coupled cav-
ity design with a 3.0-mm long lasing section, 1.6-mm long tun-
ing section and a 16-µm wide air gap: (a) Heating power varied 
at the tuning section only. (b) Heating power varied at the lasing 
section only. Distribution of alignment is represented as a colour 
contour with red being complete alignment and dark blue being 
misalignment. 
In addition to the variation of the current (or conversely the heating power) at the 
lasing and the tuning sections, the possibility of obtaining quasi-continuous tuning from 
these detuned devices was studied by varying heat sink temperature to ~60 K. Schematic 
diagram of the variation of these three parameters used to simulate quasi–continuous tun-
ing is shown in Figure 6.4. The combined eﬀect of these three factors on the alignment of 
longitudinal modes is presented in Figure 6.5. It can be observed that through careful selec-
tion of these three parameters frequency tuning from ~2.75–2.80 THz is possible. The na-
ture of the frequency tuning is essentially discrete mode hopping amongst closely spaced 
modes, where longitudinal modes at the lasing and the tuning sections attain maximal rela-
tive alignment. A careful examination of the alignment would also reveal that there exists 
certain frequencies where no alignment of longitudinal modes is achieved, for e.g. at 
~2.765 and 2.795 THz. Thus, the predicted tuning in these devices is essentially quasi-
Chapter 6. Continuous tuning using coupled cavity QCLs 147 
 
   
continuous in nature. It is also worth noting that the variation of current at the lasing sec-
tion would imply a variation in the emitted power. Increasing the heat sink temperature 
would also decrease the emitted power further.  
 
Figure 6.4: Schematic diagram of the variation of the current at the lasing and 
tuning section and the heat sink temperature used to simulate 
quasi–continuous tuning. 
 
Detuned Design 1 
Figure 6.5: Normalised product of transmission at the lasing and the tuning 
section. Results from a detuned coupled cavity from L701 with a 
3.0-mm long lasing section, 1.6-mm long tuning section and a 
16-µm wide air gap. Current at both the lasing and the tuning 
sections, and heat sink temperature are varied. Distribution of 
alignment is represented as a colour contour with red being com-
plete alignment and dark blue being misalignment. 
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A similar design was adopted for a device from wafer L1007 (Design 2). A detuned 
coupled cavity device was designed with a 3.52-mm long lasing cavity, 1.29-mm long tun-
ing cavity and an air gap separation of 16.96 µm. This device exhibited complete alignment 
of longitudinal modes at ~2.225 and 2.250 THz when the current was varied at the tuning 
section only, as shown in Figure 6.6 (a). Similarly, complete alignment was observed at 
2.225 and 2.260 THz when the current was varied at the lasing section only with a con-
stant tuning section current [Figure 6.6 (b)]. Quasi-continuous frequency tuning in the 
range of 2.21–2.29 THz was predicted, when all three tuning parameters (current to the 
lasing and tuning sections, and heat sink temperature) were varied [Figure 6.7]. A complete 
misalignment of longitudinal modes was observed at ~2.23 and 2.265 THz, similar to the 
design shown in Figure 6.5. 
a. 
 
b. 
 
Detuned Design 2 
Figure 6.6: Normalised product of transmission at lasing and tuning section as 
a function of heating power. Results from a detuned coupled cav-
ity design from L1007 with a 3.5-mm long lasing section, 
1.2-mm long tuning section and a 16-µm wide air gap: 
(a) Heating power varied at the tuning section only. (b) Heating 
power varied at the lasing section only. Distribution of alignment 
is represented as a colour contour with red being complete 
alignment and dark blue being misalignment. 
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Detuned Design 2 
Figure 6.7: Normalised product of transmission at lasing and tuning section 
from a detuned coupled cavity from L1007 with a 3.5 mm long 
lasing section, 1.2 mm long tuning section and a 16 µm air gap. 
Current at both lasing and tuning sections, and heat sink temper-
ature are varied. Distribution of alignment is represented as a 
colour contour with red being complete alignment and dark blue 
being misalignment. 
6.2.2 Fabrication 
The detuned coupled cavity devices were fabricated following identical processing 
steps discussed in the previous chapter. The following table tabulates the device specifica-
tion. 
Table 6.1: List of processed detuned coupled cavity THz QCLs. 
Device  
Number 
Device  
Unique ID 
Lasing 
Cavity (mm) 
Tuning 
Cavity (mm) 
Air 
Gap (µm) 
6A L701-S21-D2 3.117 1.495 10.00 
6B L1007-S1-D2 3.527 1.288 16.57 
The experimental setup used for the characterisation is discussed next. 
6.2.3 Experimental setup 
Coupled cavity devices were characterised following identical characterisation techniques, 
as described in section 5.5. Spectra were acquired at diﬀerent current applied to the tuning 
150 Chapter 6. Continuous tuning using coupled cavity QCLs 
 
 
section. Wider current pulses (10, 20, 30 and 95 µs) were applied to the tuning section. 
The narrow lasing current pulses were synchronised with the tuning pulses and were de-
layed by 8, 17, 27 and 90 µs delay respectively. Devices were also characterised with a DC 
current applied to the tuning section. In order to increase current–induced Joule heating in 
the tuning section, it was biased with high current with negative polarity from -2 A to 
0.9 A. The reversal of polarity of the bias allowed higher current without causing the tuning 
section to lase. The experimental setup for DC tuning section characterisation is shown in 
Figure 6.8. 
 
Figure 6.8: Schematic diagram of experimental setup for measuring spectra 
from detuned coupled cavity QCLs. 
The fabricated devices were characterised to study the spectral characteristics and is 
discussed next. 
6.2.4 Experimental results 
Spectra from the detuned coupled cavity devices were recorded as the current to the lasing 
section was varied. The current applied to the tuning section was varied in the following 
configurations: 
1. Pulse mode operation: 
a. Varying the amplitude of the tuning current pulses. 
b. Varying the width of the tuning current pulses between 10–95 µs. 
2. DC operation: 
a. Varying the amplitude of the tuning current. 
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The recorded spectra, collected with diﬀerent tuning current configuration (noted above), 
were collated and compared with the simulated results. 
6.2.4.1 Design 1: Device 6A 
Spectra from the detuned device 6A were acquired with the lasing section current at 1.73 A 
and 2.29 A. First, tuning pulse widths of 10 and 95 µs were applied to the tuning section. 
This was followed by characterisation with a DC tuning current. To evaluate the continu-
ous tuning from the detuned devices, the weighted mean of the spectral power density 
(SPD) of the emission was also calculated. 
A single mode (SM) emission was observed at ~2.785 THz, when the lasing section 
was driven at 1.73 A with no applied current on the tuning section [Figure 6.9 (a)]. For the 
same lasing section current, varying the amplitude of the tuning pulses resulted in a con-
tinuous tuning of ~1 GHz [Figure 6.9]. This continuous tuning is evident from the 
weighted mean of the SPD [Figure 6.9 (b, d, f)]. At higher pulsed tuning currents, discrete 
hopping to ~2.763 THz was observed [Figure 6.9 (a–d)], while with a DC tuning current 
discrete hopping to ~2.817 THz became possible [Figure 6.9 (e, f)]. 
A similar SM emission at ~2.785 THz was observed when the lasing drive current 
was increased to 2.29 A [Figure 6.10 (a)]. With pulsed current applied to the tuning sec-
tion, additional peaks appeared at ~2.763 and 2.817 THz [Figure 6.10 (c, e)]. Applying a 
DC current from -1.90–0.90 A resulted in a continuous tuning of ~3-4 GHz, at ~2.773 
and ~2.785 THz [Figure 6.10 (e, f)]. Additional modes at 2.75 and ~2.761 THz was also 
observed. The increase in Joule heating at the tuning section, due to the DC bias with nega-
tive polarity, resulted in the continuous tuning at the two frequency peaks. Thus, a greater 
control over localised Joule heating within the tuning section was possible by using a DC 
current with negative polarity. However, a high DC of 2 A shorted the electrical contacts 
and damaged the device [Figure 6.11], preventing further characterisation. 
 
152 Chapter 6. Continuous tuning using coupled cavity QCLs 
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b. 
 
c. 
 
d. 
 
e. 
 
f. 
 
Figure 6.9: Spectra and the corresponding weighted mean of the SPD from de-
tuned coupled cavity device 6A. Lasing section current of 1.73 A. 
Tuning section heated with: (a) 10 µs and (b) 95 µs wide pulses, 
and (c) with DC current. SPD is plotted as a function of the tun-
ing section current is shown (b, d, f). The horizontal line shows 
the mean SPD when no current is applied to the tuning section, 
and serves as a reference. 
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d. 
 
e. 
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Figure 6.10: Spectra and the corresponding weighted mean of the SPD from 
detuned coupled cavity device 6A. Lasing section current of 
2.29 A. Tuning section heated with: (a) 10 µs and (b) 95 µs wide 
pulses, and (c) with DC current. SPD is plotted as a function of 
the tuning section current is shown (b, d, f). The horizontal line 
shows the mean SPD when no current is applied to the tuning 
section, and serves as a reference.  
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Figure 6.11: Scanning electron microscopy of damage to device 6A after high 
DC negative current operation. The electrical contacts to the de-
vice were shorted. 
A cumulative tuning range of ~67 GHz was observed from device 6A. A continuous 
tuning of ~5 GHz and ~3-4 GHz was observed at 2.785 and 2.773 THz from the collated 
data [Figure 6.12]. The observed discrete transitions correspond well to the simulated re-
sults [Figure 6.3]. The continuous tuning observed experimentally agrees well with the 
simulated data shown in Figure 6.5. However, the simulated continuous tuning range is 
greater than 5 GHz, as the simulation assumed a change in heat sink temperature of ~60 K. 
In the experiments, the heat sink temperature was varied by a maximum of 10 K. 
 
Figure 6.12: Collated spectra from detuned coupled cavity device 6A. 
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6.2.4.2 Design 2: Device 6B 
Spectra from device 6B was characterised with the tuning section biased in pulsed mode 
only. DC operation of the tuning section was avoided to prevent damage to device. 
Emission was recorded at diﬀerent lasing drive currents [Figure 6.13]. Without any 
tuning current, SM emission was observed at 2.217 and 2.25 THz. This corresponds well 
with the results obtained from simulation, where maximal alignment was predicted at these 
frequencies [Figure 6.6 (a)]. The amplitude and the pulse width of the tuning pulses were 
varied and the corresponding change in spectra was recorded [Figure 6.13]. 
The collated spectral data from the device is shown in Figure 6.14. A tuning range of 
~100 GHz is observed, with continuous tuning of ~6 GHz is evident at 2.25 THz. The 
range of emission peaks recorded from this device exceeds the maximum discrete tuning of 
~80 GHz (device 5B in the previous chapter). The experimental result agrees well with the 
simulated data shown in Figure 6.7. The density of the emission peaks were higher than 
that observed for discrete Vernier devices. Eight frequency peaks were observed over a 
50 GHz range from 2.21–2.26 THz, which can be attributed to the cavity dimensions and 
the detuned alignment. The results could be improved further by increasing the heat sink 
temperature, as is predicted in Figure 6.7, which assumes an increase in heat sink tempera-
ture by ~60 K. However, the poor dynamic range of the wafer L1007 at higher tempera-
tures (Figure 2.20, compared to a similar dynamic range from wafer L701 shown in 
Figure 3.12) limited such attempts.  
The closely spaced discrete tuning observed in device 6B shows great improvement 
over the detuned design 1 (device 6A). The former had a greater density of emission peaks. 
This is due to the smaller longitudinal mode spacing at the lasing section in device 6B. The 
detuned cavity designs can be improved further by including a longer lasing cavity. Con-
tinuous tuning over a large range of frequencies can be obtained, when the longitudinal 
mode spacing in the lasing section is comparable to the maximum current induced shift of 
longitudinal modes in the tuning section. In such a cavity, a perturbation to the longitudi-
nal modes at the tuning section would favour a neighbouring longitudinal mode at the las-
ing section. Design and implementation of such detuned cavity devices has been left as a 
future work. 
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Figure 6.13: Spectra from detuned design 6B: at diﬀerent lasing section bias 
and (tuning section pulse width): (a) 0.83 A (20 µs), (b) 1.20 A 
(20µs), (c) 0.95 A (20 µs), (d) 0.95 A (95 µs), (e) 1.06 A (20 µs), 
(f) 1.06 A (95 µs), (g) 1.13 A (20 µs), (h) 1.13 A (95 µs). 
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Figure 6.14: Collated spectra from detuned coupled cavity device 6B. 
6.2.5 Discussion 
It can be concluded from Figure 6.12 and Figure 6.14 that detuned coupled cavity designs 
have greater capability of selecting a larger number of longitudinal modes at the lasing cavi-
ty, than those designed for monotonic Vernier tuning. The closely spaced discrete hopping 
along with the continuous tuning observed at the lasing modes, yield quasi-continuous or 
narrow spaced discrete tuning. 
The device designs can be improved further to enhance the continuous tuning range. 
The tuning range can be extended further by using a wide band QCL active region. Con-
tinuous tuning in THz QCLs was also investigated from coupled cavity devices by integrat-
ing frequency selective periodic structures, such as PLs into the lasing cavity. This is dis-
cussed in greater detail in the following section. 
6.3 Continuous frequency tuning using photonic lat-
tice 
The underlying principle for this second design approach was to use a PL to introduce a 
stop band in the transmission spectra. The coupled cavity device 5B discussed in the previ-
ous chapter and the device 6B discussed in section 6.2.4.2, were used to investigate itera-
tively the eﬀect of PLs. A schematic of a coupled cavity device with a PL is shown in Fig-
158 Chapter 6. Continuous tuning using coupled cavity QCLs 
 
 
ure 6.15. The following section describes the theory and modelling of coupled cavity devic-
es with a PL. 
 
Figure 6.15: Schematic illustration of a coupled cavity device with photonic 
lattice. Inset: Photonic lattice. 
6.3.1 Theory and modelling of coupled cavity QCLs with 
PL 
Partial alignment of longitudinal modes has been discussed in section 6.2.1. It is evident 
from Figure 6.1 that the transition from a maximal alignment to a gradual misalignment is 
exhibited at all frequencies where the longitudinal modes of the lasing and tuning section 
are in close proximity (coloured boxed regions in Figure 6.1). In designs discussed so far 
the eﬀect of this subtle transition is superseded by the discrete Vernier selection rule. How-
ever, this eﬀect of the gradual transition can be studied if a PL is introduced in the lasing 
cavity, such that all but one of the discrete transition modes are suppressed. For e.g. in Fig-
ure 6.1, if a PL supports the mode at 2.755 THz only, then the tuning current induced 
transition from a maximal alignment to a gradual misaligned state would be dominant. 
This would manifest as continuous tuning around 2.755 THz.  
The bandwidth of the continuous tuning, in this case, depends on the current in-
duced change in refractive index at the tuning section. As noted in section 5.2.1.3, a maxi-
mum current induced shift in longitudinal modes of around 3–4 GHz was observed for 
~5–6 W of input power in the tuning section. As a result, a maximum continuous tuning 
of an equivalent range, i.e. 3–4 GHz was predicted from THz QCLs with PLs. 
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The following section describes the modelling technique used to simulate the coupled 
cavity geometry with an integrated PL in the lasing section. 
6.3.1.1 Modelling of coupled cavity QCLs with PL 
PLs were designed following identical design procedure described in section 3.2. PLs with a 
duty cycle of 50% were used for this study and were fabricated after device packaging using 
FIB milling. Due to limitations imposed by FIB milling, only a finite number of grating 
sites (8 to 28) could be milled. This post packaging patterning of PLs allowed controlling 
the etch depth of the PL unmetallised section. This also allowed controlling the eﬀective 
refractive index of the PL by varying the etch depth, and consequently the bandwidth of 
the stopband. ‘Shallow’ and ‘deep’ profiles with etch depths of 0.2 µm and 2 µm were used 
in the unmetallised section of the PL. The former corresponded to etching of the metal 
cladding only. In this case, the grating profile was identical to the EBL deposited PL de-
scribed in Chapter 3. A deeper etch profile was also investigated that entailed etching of 
active material in the unmetallised section of the PL.  
The refractive index of the PL sections (with an active region based on L701) was 
simulated using a similar finite element modelling (FEM) technique to that discussed in 
section 3.2.1.1. The refractive index of the unmetallised section was computed as 3.48−𝑗0.0325 and 3.28− 𝑗0.0628 from FEM simulations for an etch depth of 0.2 µm and 
2 µm respectively. The refractive index of the metallised section was calculated as 3.62−𝑗0.0064. A stopband with a bandwidth of 90 GHz and ~230 GHz was predicted using the 
same dispersion relation described in section 3.2.2, for the shallow and deep etching pro-
files respectively.  
The coupled cavity model based on scattering and transmission matrices, described in 
the previous chapter, was modified to include the PL gratings in the lasing cavity. The 
transmission characteristics of a single unit of PL pitch were modelled as [106] 
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𝑇!! = 1𝑡! exp 𝑗𝜙! − 𝑟! exp −𝑗𝜙!  𝑇!" = 𝑟𝑡! exp −𝑗𝜙! − exp 𝑗𝜙!  𝑇!" = 𝑟𝑡! exp 𝑗𝜙! − exp −𝑗𝜙!  𝑇!! = 1𝑡! exp −𝑗𝜙! − 𝑟! exp 𝑗𝜙!  
(6.1) 
where  
𝜙! = 𝛽!"#𝐿!"# + 𝛽!"#𝐿!"# 𝜙! = 𝛽!"#𝐿!"# − 𝛽!"#𝐿!"# (6.2) 
𝛽!"# and 𝛽!"# are complex propagation constants in the metallised and unmetallised sec-
tion of the PL of length 𝐿!"# and 𝐿!"# respectively. The reflectivity of the PL was calculat-
ed by cascading several repetitions of the unit PL pitch as given below 
𝑇 = 𝑇!! 𝑇!"𝑇!" 𝑇!! ! (6.3) 
where 𝑁 is the number of grating pitch repetition in the PL.  
The reflectivity in the lasing cavity with PL, as illustrated in Figure 6.15, have been 
calculated by multiplying the T matrices of the individual cavity components: 
• Lasing cavity extending from the collection facet to the start of PL 
• PL 
• Lasing cavity extending from end of the PL to the air gap 
Two configurations of PLs were designed featuring a uniform grating and a grating 
with a central 𝜆/4–shifted element [109]. While a uniform PL introduces a stop band cen-
tred at the Bragg frequency, a 𝜆/4–shifted PL supports a lasing mode at the Bragg frequen-
cy [109]. A schematic of a 𝜆/4–shifted PL is shown in Figure 6.16. The 𝜆/4–shifted ele-
ment perturbs the phase of the forward and backward scattering waves in a PL and con-
structively interferes at the Bragg frequency. Thus, a mode is supported at the centre of the 
stop band. A 𝜆/4–shifted element is incorporated in a PL by introducing a break in the 
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periodicity of the grating [109]. This is accomplished by incorporation of an additional 
grating feature, either a metal cladding or an etched feature. In the designed PLs, the 𝜆/4–
shifted element was added at the PL section with an extra cladding material. 
 
Figure 6.16: A schematic diagram of longitudinal cross-section of a PL with a 
central 𝜆/4–shifted element. PL grating pitch Λ comprise of a 
metallised section of length 𝐿!  (with cladding metal and 𝑛! -
doped contact), and an unmetallised section of length 𝐿!(without 
cladding metal and 𝑛-doped contact). The central 𝜆/4–shifted el-
ement is realised by breaking the PL periodicity and by inserting 
an additional element of length 𝐿! into the PL feature with clad-
ding material. 
A PL with a uniformly spaced grating was used to design a wide stop band. However, 
the frequency tuning in this case would depend on the mode at the edge of the stop band. 
Such uniform gratings are not ideal to investigate narrow band continuous tuning and 
might support discrete mode hopping. Instead, a PL with a central 𝜆/4–shifted element 
provides flexibility in frequency selectivity as emission is supported at the Bragg frequency. 
This was verified by simulating a transfer matrix based model to investigate the normalised 
transmission in a 2-µm deep etched PL with 100 grating sites [Figure 6.17]. The stopband 
observed in a uniform PL corresponds well with the stopband simulated from the disper-
sion relation [Figure 3.1 (b)]. A similar PL with a central 𝜆/4–shifted element exhibited 
considerable transmission in the Bragg frequency. 
The transfer matrix based network model was used to design two coupled cavity de-
vices with an integrated PL. The first design used a shallow etched uniform PL, while the 
second design used a deep etched PL with a central 𝜆/4–shifted element. Merits of both 
the designs are discussed next. 
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a. 
 
b. 
 
Figure 6.17: Normalised transmission (black) in a: (a) uniform PL and (b) PL 
with a 𝜆/4–shifted element. The uniform PL introduces a stop 
band centred at Bragg frequency, whereas the 𝜆/4–shifted PL in-
troduces a stop band with an additional peak at the Bragg fre-
quency. Both the PLs have a same Bragg frequency (red) at 
2.75 THz and have 2-µm deep etched unmetallised sections. 
6.3.1.2 Design 3: Coupled cavity devices with a uniform PL  
This design evaluates the premise that a PL can selectively suppress discrete Vernier hop-
ping. Coupled cavity device 5B, as described in the previous chapter, was used for this 
study. In fact, the Bragg frequency of the PL was designed after characterising the Vernier 
transitions.  
A uniform PL was designed with a Bragg frequency at 2.73 THz and a narrow 
bandwidth suﬃcient to suppress the mode at 2.755 THz only. A PL with only 14 grating 
sites and shallow etched unmetallised regions was designed.  
Alignment of longitudinal modes in the coupled cavity with the PL was calculated 
using the modified transfer matrix model at various tuning powers, and is shown in 
Figure 6.18. A comparison with the results from Figure 5.14 (a) would reveal that the PL 
changed the nature of discrete Vernier hopping with transitions permitted between modes 
at 2.78, 2.805 and 2.825 THz only.  
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Figure 6.18: Normalised transmission in the coupled cavity device 5B, with a 
PL centred at 2.73 THz. Distribution of alignment is represented 
as a colour contour with red being complete alignment and dark 
blue being misalignment.  
6.3.1.3 Design 4: Coupled cavity devices with 𝝀/𝟒–shifted PL 
A major advantage of 𝜆/4–shifted PL is that lasing is favoured at the Bragg frequency. 
Thus, a careful selection of the grating pitch of a 𝜆/4–shifted PL can suppress all Vernier 
transitions, forcing lasing at one of the misaligned states to obtain continuous tuning.  
A 𝜆/4–shifted PL with the Bragg frequency at 2.205 THz was designed for the de-
tuned design 2 (see section 6.2.1.1). High index contrast PLs with deep etched gratings 
were used in the design. The ~230 GHz wide stop band selected only frequencies at the 
Bragg frequency, i.e. 2.205 THz and suppressed at other lasing mode. The continuous tun-
ing range of ~3–4GHz was predicted when both lasing and tuning currents were varied 
simultaneously, as shown in Figure 6.19. 
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Figure 6.19: Normalised transmission from detuned cavity design 2 (device 
6B) with a 𝜆/4–shifted PL centred at 2.205 THz as a function of 
heating power at the tuning section. 
6.3.2 Fabrication 
Coupled cavity devices, which had been packaged and characterised, were etched in a se-
cond FIB milling process to pattern the PL grating. The PL grating regions were located at 
the centre of the long lasing cavity, as shown in Figure 6.20. 
 
Figure 6.20: Scanning electron microscopy of a coupled cavity device before 
FIB milling to etch PL. Devices were wire bonded on either side 
of a central region where PL would be milled at the lasing sec-
tion. 
Device 5B was etched to a depth of ~200 nm to form a uniformly spaced PL 
[Figure 6.21 (a, b)]. This shallow etching process left residual material on the etched sur-
face, as shown in Figure 6.21 (b). This device is re-labelled as ‘5B-PL’ after the PL pattern-
ing. 
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The device 6B (discussed in section 6.2.4.2) was patterned with a 2-µm deep etched 𝜆/4–shifted PL in a single FIB milling process [Figure 6.21 (c)]. Unlike the shallow etch-
ing process, no residual material was deposited on etched surface during the deep etching 
process. This device is relabelled as ‘6B-PL’ after the PL patterning. 
a. 
 
b. 
 
c. 
 
Figure 6.21: Scanning electron microscopy after FIB milling of PL in device 
5B-PL: (a) a shallow etched uniform PL, (b) shallow etch profile, 
(c) Deep etched 𝜆/4–shifted PL in device 6B-PL. 
  A list of devices fabricated for this study is tabulated in Table 6.2. 
Table 6.2: List of processed coupled cavity THz QCLs with a PL. 
Device 
Number 
Device  
Unique ID 
Lasing 
Cavity (mm) 
Tuning 
Cavity (mm) 
Air 
Gap (µm) Specification 
5B-PL L701-S21-D3 3.380 1.570 16.67 Uniform PL 
6B-PL L1007-S1-D2 3.527 1.288 16.57 𝜋- shifted PL 
Devices were characterised using an identical setup as described in section 6.2.3. The 
spectral data recorded from the devices are discussed next. 
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6.3.3 Experimental results 
6.3.3.1 Uniform PL: Device 5B-PL 
Emission at the edge of the stopband edge (2.775 THz) was observed from the device 5B-
PL, after milling of a uniformly spaced PL with Bragg frequency at 2.73 THz 
[Figure 6.22]. Discrete transition between lasing modes at ~2.775, 2.795 and 2.825 THz 
was observed, when current at the tuning section is varied. Discrete Vernier tuning between 
lasing modes at ~2.740, 2.770, 2.80 and 2.825 THz was observed from the same device 
prior to PL milling [Figure 5.24 (a)]. The narrow band PL has suppressed the mode at 
2.74 THz. The spectral evolution seen here corroborates the theoretical premise that dis-
crete transitions could be selectively suppressed using a PL. The observed tuning behaviour 
is similar to the simulated result shown in Figure 6.18. Continuous tuning predicted from 
the detuned states, however, was not observed from this device. 
 
Figure 6.22: Spectra from device 5B-PL after uniform PL milling. 
The devices were also characterised to obtain light–current–voltage (LIV) characteris-
tics at diﬀerent tuning currents [Figure 6.23]. An increase in threshold current density was 
observed due to the increase in waveguide losses after PL patterning. Power emission from 
the lasing section remains unaﬀected by changes in the tuning section current and agrees 
with similar observation made in coupled cavity QCLs [Figure 5.21]. 
Chapter 6. Continuous tuning using coupled cavity QCLs 167 
 
   
 
Figure 6.23: LIV characteristics obtained from device 5B-PL after 𝜆/4–shifted 
PL patterning. Emission from lasing section is obtained at diﬀer-
ent current at tuning section. 
6.3.3.2 𝝀/𝟒-shifted PL: Device 6B-PL 
An improved single mode emission was obtained from the device 6B-PL with a  𝜆/4–
shifted PL. Emission at ~2.21 THz was observed and was close to the Bragg frequency 
2.205 THz. Spectra were acquired at diﬀerent lasing drive currents, while the amplitude 
and the pulse width of the tuning section current were varied between 0.05–0.65 A and 
20–95 µs respectively. The tuning section was also driven with DC current from 0.10–
0.60 A.  
The collated spectra under diﬀerent configurations are shown in Figure 6.24. The 
wide stopband obtained from the deep etched PL had suppressed all discrete transitions 
observed in Figure 6.14, except the mode at the Bragg frequency. A SM emission with a 
side mode suppression ratio (SMSR) of 20 dB was also observed [Figure 6.24 (a)]. A max-
imum continuous tuning of ~3 GHz was observed as the current at both the lasing and the 
tuning sections were varied [Figure 6.24 (b)]. The experimental results substantiate the 
premise that the maximum continuous tuning from a coupled cavity PL devices is limited 
by the maximum perturbation to longitudinal modes at the tuning section. Furthermore, 
this continuous tuning range is comparable to that obtained from QCLs with PL by vary-
ing heat sink temperature [Figure 3.18 (b)]. Increasing, the heat sink temperature could 
widen the tuning range by ~1-2 GHz. However, such attempts were impeded by a low 
output power and narrow dynamic range of operation in L1007 [Figure 2.20 (a)]. Thus, 
continuous tuning range of a PL enhanced coupled cavity device is limited to a maximum 
168 Chapter 6. Continuous tuning using coupled cavity QCLs 
 
 
of around 5-6 GHz. An enhanced continuous tuning range is possible from optimised de-
tuned coupled cavity designs. Some design aspects of these devices are discussed in Chapter 
7. 
a. 
 
b. 
 
Figure 6.24: Collated spectra from device 6B-PL with a 𝜆/4–shifted PL at 
diﬀerent lasing and tuning currents. (a) SM emission at 
2.21 THz with an SMSR of 20 dB and (b) a continuous tuning 
of ~3 GHz. 
6.4 Summary 
Continuous tuning of THz QCLs has been investigated using coupled cavity QCLs. Two 
diﬀerent design approaches were adopted. The first set of devices, the ‘detuned’ coupled 
cavity devices, aimed to obtain quasi-continuous or closely spaced discrete hopping using 
optimised coupled cavity designs. A tuning range of ~67 GHz and 100 GHz was observed 
from two detuned coupled cavity devices. Continuous tuning of around ~5 GHz was ob-
served at certain modes within the overall quasi-continuous tuning range. The results can 
be improved further by using longer lasing cavities with closely spaced longitudinal modes. 
The second set of devices, coupled cavity QCLs with PLs, were studied to investigate 
the possibility of selectively suppressing discrete Vernier tuning transitions in coupled cavi-
ty devices. Continuous tuning of ~3 GHz has been detected from devices with a 𝜆/4–
shifted PL. An increase to the continuous range, in devices with PLs, is limited by the max-
imum perturbation that can be induced at the tuning section. 
 
   
Chapter 7   
 
Conclusion and future work 
This project investigated single–mode (SM) emission and frequency tunable terahertz 
(THz) quantum cascade lasers (QCLs). SM emission was obtained using one–dimensional 
photonic lattices (PLs). Frequency tunability in THz QCLs was investigated by means of 
carrier depletion in PL structures and by using a two–section coupled cavity geometry. Var-
ious aspects of a device development lifecycle, including theoretical design and computer 
simulations, fabrication and characterisation, were discussed in the relevant chapters. The 
following sections summarise the results obtained and the possibility of improving frequen-
cy tunability in new design iterations, which could be investigated in future. 
7.1 SM emission from THz QCLs with PLs 
THz QCLs with PLs patterned by electron-beam lithography (EBL) were used to obtain 
SM emission, and was discussed in Chapter 3. The lithography based processing allows eas-
ier fabrication compared to subtractive techniques like focussed ion beam (FIB) milling, 
which is used to process devices after packaging. 
Optical mode profile in the metallised and unmetallised sections of the PL were 
computed using a finite element modelling (FEM) technique. The spectral behaviour of the 
PL was subsequently simulated using the coupled mode theory. The PL introduces a stop-
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band centred at the characteristic Bragg frequency. The bandwidth of this stopband was 
calculated as ~90 GHz from the coupled mode theory. Emission was predicted at the edge 
of the stopband. The observed behaviour corresponded well with a stopband simulated 
from the dispersion relation of the PL. 
THz QCLs with single metal waveguides were fabricated with the top 𝑛–doped epi-
layer was etched away in a 530-µm central section using wet chemicals. PLs were subse-
quently deposited using EBL and thin–film deposition technique. SM emission outside the 
stopband was observed from all devices. The bandwidth of the stopband was experimentally 
determined to be ~86–89 GHz, and agreed well with the simulated value. The devices also 
exhibited a higher threshold current; lower emitted power and reduced temperature of op-
eration, due to an increased waveguide losses arising from the 40% metal coverage in the 
PLs. This degradation in device performance can be improved by increasing the duty cycle 
of the PL pitch, and is left as a future work. 
The spectral response from such devices can be improved further by increasing the re-
fractive index contrast between the metallised and non–metallised sections of the PL. This 
can be achieved by an additional etching step to remove active region material under the 
non–metallised parts of the grating. Additionally, engineered defects such as a central 𝜆/4–
shifted element can allow emission at the Bragg frequency. 
The device geometry used in this study was modified to allow an external electrical 
bias to be applied to the PLs to investigate frequency tunability through carrier depletion 
under the PL metallised sections.  
7.2 Frequency tunable THz QCL through carrier de-
pletion 
Tunability from THz QCLs with PLs was investigated through depletion of carriers under 
the PL metallised section, and was discussed in Chapter 4. The variation of refractive index 
of a THz QCL active region was simulated as a function of carrier concentration using a 
bulk Drude model. The refractive index exhibited a sharp non–linearity as the doping was 
varied between 10!" − 2×10!" cm-3. A PL based tuning scheme was designed to vary the 
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refractive index in this non–linear region by varying the carriers under the metallised sec-
tion. 
A single–metal waveguide was modified to form a THz QCL with three electrically 
isolated sections. The PL was deposited in a central section, with the two outer sections on 
either side of the PL left unpatterened. The three sections were electrically isolated by 
chemically etching the top conducting MBE grown layer in the central segment before the 
PL patterning. Deposition of the PL cladding metal directly on the active material (after 
etching away the top contact epilayer) formed a Schottky junction at the metal–
semiconductor interface resulting in a thin depletion layer under the metallised section of 
the PL. A reverse bias was applied to the PL to increase the width of this depletion layer 
and deplete carriers under the metallised section.  
The devices were initially characterised to study the electrical properties of the three–
section THz QCLs. An electrical model of the three–section device was developed. The 
simulated data from this model agreed well with the experimental data. The width of the 
depletion layer was calculated from the electrical model. The resulting variation in carrier 
profile in the PL metallised section was calculated analytically and the corresponding 
change in the refractive index was calculated from a FEM simulation. A maximum tuning 
of ~15–20 GHz was predicted from the Drude model corresponding to the variation in 
carrier density in the PL. The bandwidth of the stopband was simulated using the coupled 
mode theory. A reduction in the bandwidth of the stopband from 90 GHz to 77 GHz was 
calculated as a bias was applied to the PL. This reduction in the bandwidth, along with the 
shift in Bragg frequency, results in a net mode shift of ~5–6 GHz. 
In an exemplar device, a 15 GHz mode hopping was observed as the bias was applied 
to the PL. Emission from this device was observed at the centre of the stopband, i.e. at the 
characteristic Bragg frequency, implying a greater loss modulation. However, in all other 
devices emission was observed beyond the edge of the stopband. It was observed that by 
applying a bias to the PL, the spectral power density (SPD) amongst lasing modes was 
changed. 
It was concluded that with the present design, the variation of refractive index 
through carrier depletion manifests as a very small observable change in frequency. This 
small perturbation in the refractive index made it imperative to modify the device design. 
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Instead of relying on the small index perturbation to directly tune the lasing modes, a Ver-
nier selection scheme based on a two–section coupled cavity design was adopted. 
7.3 THz QCLs using a coupled cavity 
Discrete frequency hopping using a coupled–cavity geometry and following a Vernier selec-
tion rule was discussed in Chapter 5. The coupled–cavity THz QCLs comprised two cavi-
ties of precise lengths separated by an air gap. The devices were fabricated post–packaging 
using FIB milling. While one of the two cavities formed the lasing section and was driven 
above threshold, the second cavity acted as a tuning control element and was operated be-
low the lasing threshold. In such coupled cavities, a lower lasing threshold is observed 
where the longitudinal modes at the lasing and the tuning sections overlap. 
The coupled cavity geometry was modelled with a transfer-function-based model on 
cascaded network components. The thermal behaviour in the tuning section was modelled 
using a bulk thermal model. The device designs were optimised such that a blue–shift and a 
red–shift in frequency is obtained from the same device by simply swapping the functions 
of the cavities attributed to lasing and tuning. 
Two coupled cavity designs were investigated, where the lengths of the lasing section 
and the tuning section were in approximate ratios of either 1:1 or 2:1. A monotonic fre-
quency tuning of ~50 and 85 GHz, respectively, with a blue shift in frequency was ob-
served from the devices. A red shift of ~20 and 30 GHz was also observed from the same 
devices by swapping the operating segments. Additionally, the power emission from such 
coupled cavity designs did not exhibit a significant degradation upon tuning. 
This design was further modified to disrupt the monotonic shift in frequency by 
changing the cavity lengths, and was discussed in Chapter 6. A closely spaced discrete tun-
ing or quasi–continuous frequency tuning was predicted as the lasing drive current, the 
heating tuning current and the heat sink temperature were varied simultaneously. This re-
sulted in a closely spaced discrete tuning over a range of around ~50 GHz. The same device 
also exhibited a broad frequency tuning over around 100 GHz. 
Continuous frequency tunability was also investigated by patterning laser cavities 
with PLs using FIB. Continuous frequency tuning over a maximum range of 3–4 GHz was 
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predicted using the same transfer matrix–model, with continuous tuning of ~3 GHz was 
subsequently observed experimentally.  
The coupled cavity design discussed in this work has a tremendous scope for optimi-
sation. Some of these optimisations, which can be investigated in future are described in 
the following section. 
7.4 Future Work 
The performance of the coupled cavity devices can be improved by further optimisa-
tion of reflectivity of the tuning section with the lasing section. Continuous tuning of fre-
quency is possible from detuned coupled–cavity devices if the mode spacing in the lasing 
section is comparable to the tuning current or heat induced shift in the mode spacing. This 
is possible in ~6 mm long lasing cavities and ~3 mm long tuning sections. Such long cavi-
ties were not investigated in the present project and are left for future work. 
The design used in this study comprised simple cascaded-cavities of identical ridge–
widths, coupled through their end facets. This design can be optimised further to improve 
coupling between the lasing and tuning sections by using, for example, a wide aperture tun-
ing section. A schematic diagram of such a design is shown in Figure 7.1. The wide aper-
ture in the tuning section can couple diﬀracted radiation from the edges of the lasing cavity 
to the tuning section and increase the coupling. 
Coupling between QCL ridges can also be investigated in evanescent field coupled 
cavities. In such a design, the lasing and tuning sections would not be cascaded sequentially 
and coupled via the end facets. Instead, cavities would be coupled along the length of the 
cavity through evanescent field coupling, analogous to optical couplers [106]. Schematic 
diagram of such a device is shown in Figure 7.2. 
174  Chapter 7. Conclusion and future work 
 
 
 
Figure 7.1: Illustration of a coupled cavity THz QCL with a wide aperture tun-
ing section. 
 
 
Figure 7.2: Illustration of a coupled cavity THz QCL with evanescent field 
coupled tuning sections. 
Evanescent field coupled THz QCLs would be crucial towards realisation of THz 
QCL integrated photonic systems. In optical photonic integrated circuits, various compo-
nents such as sampled distributed Bragg reflectors (SG-DBR), phase matching sections and 
semiconductor optical amplifiers are cascaded sequentially [106]. While such cascaded de-
signs are ideal for short wavelength optical systems, the longer wavelength in the THz spec-
trum dictates that such systems be several centimetres long. Fabrication and thermal extrac-
tion from such long devices put a practical limit towards such realisation. On the other 
hand, a successful demonstration of evanescent field coupled THz QCL cavities could lead 
to integration of additional photonic components. One such simple implementation is 
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shown in Figure 7.3. In this design, the central gain section is coupled to two external cavi-
ties, which are patterned with sampled grating distributed feedback gratings (SG-DFB). 
Such SG–DBRs are used to design frequency tunable optical lasers, and similar frequency 
tunability is estimated from an optimised SG–DFB based design. A successful demonstra-
tion of frequency tuning in such devices could lead to development of integrated THz 
QCL photonic circuits. 
 
Figure 7.3: Illustration of a coupled cavity THz QCL with evanescent field 
coupled SG–DFBs. The central section is tapered near the cou-
pled sections to increase coupling. 
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